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Abstract 
 
Effect of electrical stimulation on the acetylcholine receptors 
available for neuromuscular junction formation in 2D and 3D 
 
Rodrigo Lozano, M.S. 
University of Wollongong, 2018 
Supervisor: Gordon G. Wallace 
 
Contractile muscle activity is controlled by the highly reliable motor neuron-muscle 
system. The regulation of this system involves the transmission of action potentials 
from the central nervous system to muscle fibres at neuromuscular junctions (NMJs). 
This complex system relies on dynamic interactions of cell adhesion and signalling 
molecules and cell membrane proteins to release neurotransmitters from motor 
neurons into the synaptic cleft, followed by neurotransmitter binding to specific 
receptors: acetylcholine receptors (AChR), that are located at the end plate of the 
plasma membrane of muscle fibres. There are many factors to be considered when 
investigating NMJ formation, maturation and fast and reliable synaptic transmission, 
however, recent data reveals that clustering and maintenance of high densities of 
AChR are key elements of synaptogenesis at the NMJ. 
 
Conventionally, it was believed that nerve dictates NMJ formation; this concept was 
adopted due to the fact that nerve sprouts appeared to determine the location of 
synapses on the sarcolemma during reinnervation of denervated muscle. However, 
this conventional view has been challenged by more recent theories such as the 
myocentric model of synaptogenesis and the dying-back hypothesis. The myocentric 
model states that muscles have an intrinsic capacity to regulate NMJ formation 
independent of neural signaling. In fact, acetylcholine receptors (AChR), a critical 
component of the postsynaptic apparatus, develop on muscles before the arrival of 
neurites during early embryonic development. It is believed that these “aneural” 
clusters of AChR on muscles restrict the incoming nerve and induce synaptogenesis 
within a predetermined territory on the sarcolemma. Furthermore, the alternative 
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view “dying-back” has growing evidence which supports the idea that dysfunction of 
these junctions may play a key role in several neuromuscular diseases. For example, 
there is growing evidence supporting the hypothesis that the survival of NMJs is 
essential to delay the progression of ALS.  
 
From a therapeutic perspective the myocentric model and the die back hypothesis 
raise the possibility of new therapies where increasing aneural cluster formation on 
muscle, as well as the stabilization of NMJs through artificial treatments, are 
promising approaches to attenuate the progression of muscle wasting disorders, 
making NMJs a good indicator of motor neuron health.  
 
Current literature reviews suggest that during development neurons target and form 
synapses driven by dynamic interactions of biophysical and biochemical cues, whilst 
electrical activity, in the form of ion transients, plays a role in neuronal development 
both before and after synapse formation. In addition, it has recently been shown that 
the formation and architecture of NMJs can be influenced by electrical stimulation 
(ES) in vitro, however, the mechanisms underlying the response of the 
neuromuscular complex to this form of stimulation is not fully understood. Many in 
vitro and in vivo studies have been conducted using external ES to control cell 
characteristics, indicating that ES has positive benefits in many areas such as wound-
healing, bone growth, pain relief, muscle restoration, proliferation and differentiation 
of stem cells, as well as in nerve guidance and growth. It is clear from this that ES of 
cells and tissues is a potential therapeutic tool for many neural, muscular and other 
disorders. The exact parameters of ES applied, including stimulation type, current or 
voltage density, direct or field stimulation, and frequency differ widely in the 
literature, and detailed studies on which ES parameters are safe and effective to 
achieve desired outcomes for different tissue types have not been conducted. 
 
This thesis attempts to analyse the effect of ES on AChR clusters available for NMJ 
formation. Additionally, the project attempts to establish and optimize the parameters 
for this ES in a two dimensional (2D) environment. Furthermore, the work aims to 
explore techniques and models to replicate this in vitro co-culture system in three 
dimensions (3D). Different biomaterials (collagen, gellan gum-GG and GG-RGD) 
were used to encapsulate and grow nerve and muscle cells (both primary and cell 
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lines) in 3D. While this encapsulation method allowed cells to grow in a 3D fashion, 
the technique still has some limitations when trying to place cells in a precise 
location or build composites with complex architectures. 3D printing technology has 
shown to be a promising tool to address some of these limitations via the precise 
placement of cells within hydrogels in a layer-by-layer fashion. Here a versatile, 3D 
printing technique was introduced where primary cortical neurons were 3D printed in 
a layered fashion. This printing process offered the opportunity to develop more 
accurate in vitro brain models (“brain in a bench top”) that could be applied to study 
neuronal cell behavior. The brain model could also provide a tool for assessing the 
efficacy and gaining insights into the mode of action of new therapies, as well as 
providing a better understanding of brain injuries and neurodegenerative diseases.  
 
Chapter 1 provides a literature review on the biological aspects of the project and 
presents the state of the art research in the fields of NMJ, ES and 3D in vitro models. 
It describes all the components that are involved in NMJ formation, starting with the 
nervous system, including the central nervous system (CNS), peripheral nervous 
system (PNS), motor neurons, muscle, the NMJ sites and NMJ diseases. Next, the 
concept of ES is introduced as well as the use of conducting polymers as electrodes 
for ES. The chapter then continues to provide details of electrophysiological 
recordings using multi electrode array (MEA) systems, necessary to measure cell 
functionality especially for neurons and muscle cells. The last section of this chapter 
describes the development of 3D in vitro models before culminating with a summary 
of the aims of the project.  
 
Chapter 2 describes the investigation of the effect of ES on the formation of NMJs. 
It starts with cell characterization, which consisted of the optimization of cell 
densities and media for mono-culture of muscle and nerve cells separately as well as 
in co-culture. This chapter describes the testing of motor neurons and muscle cells 
using specific markers to ensure the cells displayed proper cellular phenotype, such 
as morphology and function. The chapter continues by introducing ES with a 
description of the protocols used for the electrode characterization and then the ES 
set up. The chapter finishes with the analysis of the results obtained from the 
systematic testing of different ES parameters on the formation on NMJ. In this 
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chapter, a system was established that delivered ES to cells, delivering optimized 
parameters such as current amplitude, stimulus mode and pulse width, for effective 
electrical stimulation. The results indicate that ES using 250 Hz biphasic 100 µs 
pulses, at a current density of 1 mA/cm2 for 8 h, increased the number of AChR 
clusters available for NMJ formation. 
 
A critical aspect of working with both nerve and muscle cells in both 2D and a 3D 
environments is to be able to establish their functionality in terms of electrical 
signalling. Chapter 3 covers the intent to fabricate a tool based on MEA technology 
with the purpose of recording electrical activity of neurons and muscle cells in 3D. 
MEAs are a well-known platform to measure electrophysiological recordings in 2D. 
Here, the chapter describes an attempt to modify existing 2D MEAs in order to 
record cell cultures in 3D. The main idea consisted of making a sieve type MEA by 
laser cutting precise holes all around the flexible MEAs, including within the 
electrodes, to allow neuronal connections to run through the entire MEA as well as to 
connect different layers of cells. The cell culture conditions required to produce 
signalling cortical cultures on MEA surfaces is also discussed. Here, it was shown 
that a laser system such as Ti:Sapphire allowed the creation of 5-8 µm holes without 
any visible damage to the electrodes, making it a promising technique to develop the 
sieve-MEAs. However, the developmental of a functional sieve MEA requires 
further work in terms of suitable hardware to stack multiple sieve-MEAs and the 
integration of the cells in 3D as one system to record electrophysiological signals, as 
this could not be completed in this work. 
 
In the search for in vitro models that enable us to grow cells that can maintain their 
natural morphology and function as in tissue, 3D cell culture technologies present a 
new opportunity to develop tissue-like environments. Chapter 4 provides a 
description of cell encapsulation of neurons, muscle cells and co-cultured cells in 
hydrogels, by first introducing a comparison between 2D and 3D in vitro models 
using neuronal cells. The chapter then describes a novel 3D cell encapsulation 
method using 3D printing. In this chapter, it was demonstrated that cells (especially 
cortical neurons) cultured in a 3D environment have more cell-to-cell interaction 
leading to morphologies that resemble those observed in in vivo environments. Also, 
it was observed that cortical neurons increased the number of processes and length of 
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neurites per cell when compared to cells cultured in 2D environments. Furthermore, 
the novel 3D printing method allowed printed cell layers that mimicked the cortical 
structure. These techniques allowed cells to remain within their printed layers, 
however axons were observed to extend towards neighbouring layers, resulting in a 
tissue-like model that could offer the opportunity to provide a more accurate 
representation of 3D in vivo environments. The concludes by describing the 
encapsulation of muscle cells and then an attempting to create a 3D in vitro model 
for NMJ, wherein muscle and nerve cells were cultured together.  
 
Conclusions of the work are presented in Chapter 5 and possibilities for future work 
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1.1 Nervous system 
 
The nervous system is one of the most complex systems in the human body; it is 
mostly composed of tissue consisting of two types of cells, neurons and glial cells, 
each with specific functions [1]. Neurons have a unique characteristic—the ability to 
spontaneously receive, process, and transport signals to a specific target [2]. This 
makes neurons vital for the function of neural tissue i.e. to receive, pass on and 
integrate information from the sensory organs, and control the movement and actions 
of the body [3]. In contrast, glial cells play a supportive role in the function of neural 
tissue, creating suitable environments for neurons to function.  
 
There are several types of glial cells in the human CNS, including oligodendrocytes, 
astrocytes and microglia, as illustrated in Figure 1-1. Oligodendrocytes have two 
main functions- the generation and maintenance of the myelin sheath, formed by 
wrapping their short processes around axons, and the production of neurotrophins. It 
is important to mention that these cells differ from Schwann cells, which facilitate 
myelination of peripheral nerve axons [4, 5]. Astrocytes are responsible for the 
communication of neurons with the vascular system. These cells play an important 
role by extracting glucose from blood vessels and delivering it to neurons. They also 
help with the uptake of neurotransmitters gamma-aminobutyric acid (GABA) and 
glutamate [6, 7]. Furthermore, they play an important role in the regulation of 
extracellular potassium concentration, which is critical for action potential 
propagation, as well as guiding the migration of developing axons [8]. Microglia are 
cells that function like ‘brain sensors”, monitoring the CNS network by sensing 
reliability of the synapses [9]. Also, they participate in maintaining a homeostatic 
environment by cleaning the extracellular fluids. Furthermore, they respond to injury 
or pathogens in attempts to fight diseases [10].  
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Figure 1-1. Cellular structure of brain neural tissue showing the neurons and glial cells such 
as astrocytes, oligodendrocytes, and microglia. Figure reproduced from reference [11].  
 
The nervous system is divided in two main parts, the central nervous system (CNS) 
comprising the brain and spinal cord, and the peripheral nervous system (PNS) which 
is made up of all the nerves that connect these two with the rest of the body (Figure 
1-2) [12]. The two systems work together to collect information from inside and 
outside the body, providing essential sensory information, as well as the ability to 
respond to each stimulus via a number of CNS-controlled mechanisms. The sensory 
nerves of the PNS monitor the environment inside and outside of the body and send 
this information to the CNS [13]. These neurons do not process the information they 
transport [14], nevertheless, without the PNS capacity to transport this information, it 
would be impossible to carry signals from the control centre (brain) to the muscles, 
glands and organs to regulate their functions [13, 15].  
 
The CNS and PNS, along with the muscle, constitute the neuromuscular system. 
Synaptic transmissions between nerve and muscle are an essential function of 
neurons. Important players in this system are the neuromuscular junctions (NMJ) 
[16] which are sites that make the communication between nerves and muscle 
possible. These three main components, nerves, NMJ (synapses) and muscles are 
essential for many motor functions such as locomotion and other vital functions such 
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as digestion, breathing and cardiovascular regulation [17]. A malfunction in any of 
these sites can cause neuromuscular disease. Neuronal physiology and 
neuromuscular junction elements will be described in more detail in the next section.  
 
  
Figure 1-2. Major components of the nervous system (CNS and PNS).  
 
1.2 Neuronal physiology 
 
 Neurons 1.2.1
Neurons are specialized cells in the nervous system that have a typical composition, 
which consists of cell body (soma), axons and dendrites as shown in Figure 1-3. The 
unique ability to transform chemical signals received at synapses into electrical 
signals (called action potentials) is one of the primary functions of neurons, and the 
basis of most signalling in the human body. Action potentials (AP) are generated and 




Figure 1-3. Structure of a typical neuron, showing the cell body, dendrites and a myelinated 
axon. Figure reproduced from [11]. 
 
There are several different ion channels important for the control of ion homeostasis 
and changes in the resting state that create an action potential. The ions and ion 
channels involved in action potential generation are summarised in Figure 1-4.  
 
One important class of ion channels in neural electrical transmission is the Voltage-
Dependent Ion Channels (VDIC), which are selective pores located at specific sites 
in the neuronal cell membrane that open in response to changes in the potential 
across the membrane. The VDIC have different ion flux rates and selectivity for 
different ions, and they display different voltage sensitivities to control their gate’s 
opening and closing. However, the major VDICs that generate action potentials 
respond to Na+, K+ and Ca2+ [19, 20]. 
 
In order to propagate an AP, neurotransmitters are generated and released from the 
axon terminal receptors on one neuron and intercepted at the next neuron or muscle. 
The neurotransmitters cause the transmembrane potential to reach the cell membrane 
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threshold, causing a depolarization or hyperpolarization. Some of the signals 
received by the neurons can be in the sub-threshold depolarization range, (typically -
65 mV). These do not generate action potentials [21-23]. When signals rise above the 
threshold value a depolarization phase occurs. The cell membrane becomes more 
positive as Na+ channels open and Na+ enters the cell, pushing the transmembrane 
potential up to +50 mV. The repolarization phase begins at the maximum positive 
voltage, Na+ channels close, K+ channels eventually fully open; K+ is driven out of 
the cell until the voltage becomes relatively negative. During the last phase, the 
hyperpolarization or undershoot, K+ channels fully open and the potential becomes 
more negative than the resting potential. Once K+ channels return to a mostly-closed-




Figure 1-4. The action potential propagation in a neuron consists of 4 main phases: (1) 
resting state, (2) depolarization phase, (3) repolarization phase, and (4) hyperpolarization 
phase. The image was reproduced from: 2012 Pearson Education, Inc. 
http://www.mun.ca/biology/desmid/brian/BIOL2060/BIOL2060-13/CB13.html.  
 
The AP propagation is the main communicated element between neurons, neurons-
muscles and neurons-glands. Each communication has a particular “gap”, for 
example neuron to neuron uses synapses, neuron to muscles uses neuromuscular 
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junctions (NMJs) and neurons to glands use neuroglandular synapses. Each of these 
communications relied on in AP propagation (Figure 1-4) however, it is important to 
highlight that different cell types have different membrane resting potentials to 
initiate this signal propagation. Table 1-1 provides some examples of resting 
potentials from different cell types. Here in this thesis, two main types of cell will be 
used, nerve cells (cortical neurons and motor neurons) and muscle cells. Motor 
neurons as part of the NMJ will be described in the next section. 
 
Table 1-1. Typical resting potentials of different cell types, such as neurons, astroglia, 
skeletal and smooth muscle and erythrocytes.  
Cell types Resting potential 
Neurons -50 to -70 mV [26, 27]  
Astroglia -80 to -90 mV[28, 29]  
Skeletal muscle cells -70 to -90 mV [30]  
Smooth muscle cells  -30 to -50 mV [31]  
Erythrocytes -5 to 15 mV [32, 33]  
 
 Motor neurons  1.2.2
One of the main components of the NMJ are the motor neurons (MN), also called 
efferent neurons, that are specialised and unique among all other classes of neurons 
in the CNS [34]. The motor neuron cell bodies are situated in the ventricle region of 
the spinal cord, whereas their long axons develop and breach the boundaries of the 
CNS [35] forming a long path defined by Sherrington in 1906 as the “final common 
pathway” [36]. These long axons are an important pathway through which the brain 
innervates, controls and coordinates movement of hundreds of muscle groups from 
simple reflexes and walking [37] to complex movements which are critical to the 
maintenance of life [38, 39]. 
 
1.3 Muscle cell physiology  
 
The other fundamental element of the NMJ is muscle. The human body contains 
numerous muscles that are different in size, shape and function [40] and are 
classified as skeletal, cardiac or smooth. This contractile tissue depends on the 
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extremely organized arrays of different components as well as a series of cascade 
events in order to generate force and movement. They allow people to perform 
precise and conscious movements such as standing, sitting, running, and swimming. 
They are also responsible for unconscious, vital functions such as swallowing, heart 
pumping and breathing [30]. One of the main focuses of this thesis will be on 
skeletal muscle cells. 
 
Skeletal muscles are made of bundles of fibres, and each individual fibre is made of 
multinucleated cells that have been fused together [41]. As a result of the fusion, the 
fibres retain all the nucleoids from cells as well as protein filaments called 
myofibrils. A myofibril consists of repeating contractile chain units called 
sarcomeres, which consist of thin and thick protein filaments, providing myofibrils 
with their striated appearance. These filaments are made up of actin and myosin and 
their function involves the action of many regulatory proteins such as troponin, 
actinin, myomesin and the kinase titin (Figure 1-5) [41].  
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Figure 1-5. Typical structure and components of skeletal muscle fibre. Figure obtained from 
reference [42].  
 
1.4 Neuromuscular Junctions  
 
The communication between the CNS and muscle fibres is driven by electrical 
activity. This communication relies on a pathway that is composed of motor neurons 
that innervate multinucleated muscles. These motor neurons have a long myelinated 
axon that extends from the spinal cord toward the muscles, where they innervate 
many individual muscle fibres. The innervation point between motor neuron and 
muscle cell is called a neuromuscular junction (NMJ) [16, 43-45]. NMJs are 
 36  
specialized regions consisting of an axon terminal (presynaptic part), synaptic cleft 
and the motor end plate on muscles (postsynaptic part). NMJ have a key function: to 
transmit signals from the motor neuron to the skeletal muscle fibres to facilitate 
muscle contraction and movement [46-48].  
 
The transmission of electrical impulses (action potential) is a complex system that is 
accomplished by a sequence of events that starts as soon as the signal reaches the 
nerve terminal (Figure 1-6). This causes synaptic vesicles within the motor neuron 
terminal to fuse with the presynaptic membrane, and release ACh neurotransmitters. 
The neurotransmitter travels into and diffuses across the synaptic cleft and binds to 
receptors within the sarcolemma of the muscle cell [49]. Voltage-gated Na+ channels 
in the muscle membrane respond by allowing a Na+ influx, causing a depolarization 
which leads to initiation of an action potential causing a wave that propagates 
through the fibres manifesting in a muscle contraction [50]. 
 
Although several of the main steps in NMJ assembly have been described in the last 
century, some fundamental questions remain unsolved, including whether the muscle 
fibres or the motor neurons determine where and how NMJs are formed [51]. In the 
last decade several theories have been developed, and the understanding of this 
system has increased. Findings on the chemical messengers from the presynaptic, as 
well as extracellular, transmembrane and cytoplasmic proteins that played a role in 
the postsynaptic side have been described. On the presynaptic section, the 
importance of the synapsin protein has been established, as it is the most abundant 
phosphoprotein that attaches to synaptic vesicles, which are in turn essential for the 
storage and release of neurotransmitters [52]. Conversely at the postsynapse, several 
theories have been described around agrin, a chemical messenger released by motor 
neurons. It has been described as a chemical that activates a receptor on the myotube 
surface called muscle-specific kinase (MuSK) which has been linked to the 
cytoplasmic linker protein, rapsyn, in addition to playing an important role on 
acetylcholine receptor (AChR) clustering [51]. These findings established agrin and 
MuSK as main players in the NMJ formation, however it was found that these two 
do not interact directly [53] and that this interaction happens through a combination 
of other proteins that control the activity. One of these major proteins is rapsyn, 
which is present at a 1:1 ratio with the AChRs and is believed to play a critical role 
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in aggregating the AChRs, by binding or anchoring the AChRs to the cytoskeleton 
[54, 55].  
These studies clearly show that NMJ formation is a system that relies on complex 
pathways as well as the proper functioning of essential proteins at the pre- and post-
synaptic sites.  
 
 
Figure 1-6. A) Diagram of the neuromuscular junction. B) Close up of motor neuron 
terminal synaptic cleft and the motor plates in the muscle cells. C) Neurotransmitter (Ach) 
release into the synaptic cleft. Image obtained from reference [56].  
 
1.5 Neurological Diseases  
 
Neurological disease is a broad term used to define irregularities involving the 
nerves, muscles or the neuromuscular junction network. Many of these disruptions 
are genetic (hereditary or acquired by a random genetic mutation), caused by an 
abnormal immune response or other unknown causes [57]. All neuromuscular 
diseases have a particular characteristic: they are progressive, causing a major impact 
on individual lives, families and societies [58]. Depending on which element in the 
network is damaged, the consequences can be different: patients can suffer 
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symptoms such as loss of muscle bulk, numbness, muscle damage, droopy eyelids, 
weaknesses that worsen with activity (NMJ damage) or difficulty with swallowing 
and sometimes with breathing (nerve and/or muscle damage). Some examples of 
neuromuscular disorders include multiple sclerosis (MS), myasthenia gravis, spinal 
muscular atrophy and amyotrophic lateral sclerosis (ALS) [59]. The current 
treatment for these disorders is the use of drugs to delay or slow the progression of 
the disease, or in some cases to simply alleviate the symptoms.  
 
Treatment and management of NMJ disorders can be divided in three main groups, 
symptomatic therapy, short-term immune and long-term immune therapies. Oral 
cholinesterase inhibitors are examples of symptomatic therapy. These oral treatments 
work by increasing the amount of AChR available for binding at the NMJ and are 
normally the first line of treatment for NMJ diseases such as myasthenia gravis. 
Pyridostigmine bromide is the most commonly used cholinesterase inhibitor [60]. 
The most common side effects of this treatment are hypersalivation, hyperhidrosis, 
bradycardia and lacrimation [60].  
 
Intravenous immunoglobulin and plasma exchange are both employed as short-term 
treatments. Of the two, plasma exchange is most common; it temporarily decreases 
the concentration of circulating anti-AChR antibodies in patients with myasthenia 
gravis. This technique has been shown to provide patients with improvements, as 
patients with severe myasthenia gravis have improved strength within days. 
However, it also has some severe side effects, such as hypotension and paraesthesia, 
some infections related to intravenous access have been reported as well as 
thrombosis. The intravenous immunoglobin mechanism of action, is not well 
understood, however, it has shown some efficacy, similar to plasma exchange. 
Unfortunately, this treatment has had some severe complications as well; including 
congestive heart failure in patients who previously had polymyositis, deep vein 
thrombosis and hypotension. Besides the heart failures there have been some acute 
renal failures with diabetic nephropathy patients [61]. 
 
The long-term immune therapies are based on small trials and the most commonly 
used are corticosteroids, non-steroidal immunosuppressive agents, thymectomy and 
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other immunosuppressive agents such as rituximab and cyclophosphamide. Table 1-2 
describes these treatment options as well as current dosing and frequency.  
 
Table 1-2. Current treatments for NMJ diseases (Table extracted from [60]) 
Short-term immune therapies 
Plasma exchange 4–6 exchanges on alternate days Treatment of choice in myasthenic crisis 
Intravenous 
immunoglobulin  
1–2 g/kg (over 2–5 days) Use in patients with exacerbating MG 
AChR 
immunoadsorption 
Not established Might offer more efficient/safer alternative to 
plasma exchange 
Long-term immune therapies 
Prednisone 0.75–1.0 mg/kg daily; or 60–100 mg on 
alternate days (gradual escalation); or 20–40 
mg daily for ocular MG 
First-line immune therapy; short-term use of 
high doses; frequent side-effects 
Azathioprine 2–3 mg/kg daily First-line steroid-sparing 
Mycophenolate 
mofetil 
2–2.5 g daily in divided twice daily doses First-line steroid-sparing? Widely used in USA 
Ciclosporin 4–6 mg/kg daily in divided twice daily doses Steroid-sparing in patients intolerant of or 
unresponsive to azathioprine or mycophenolate 
mofetil 
Tacrolimus 3–5 mg daily Steroid-sparing in patients intolerant of or 
unresponsive to azathioprine, mycophenolate 
mofetil, or ciclosporin 
Cyclophosphamide 500 mg/m2 or 4×50 mg/kg Use in refractory/severe MG 
Rituximab 2×1000 mg intravenously (separated by 2 
weeks) 
Use in refractory/severe MG 
 
1.6 Electrical stimulation of cells  
 
The question of how multicellular organisms achieve their final forms has been an 
important subject of study in biology. Scientists are trying to discover the 
mechanisms of development and the forces that are involved in the formation of 
tissues, organs and the organism as a whole [62]. It is known that during this 
biological process integrated signals and different cues such as passive and active 
forces like fluid flow, fluid pressure, buckling, and cell contractions allow cells to 
change in shape, number, size, and position, giving tissue and organs the ability to 
self-organize [63]. For many years scientists have been studying these cues and 
stimuli with the idea of developing new strategies to correct or cure rare diseases as 
 40  
well as to regenerate tissue [64-66]. The cues that have been widely studied are 
biophysical and biochemical. In recent years data has revealed that all cells, not just 
excitable cells such as nerves and muscles, respond to constant electrical cue 
exchange via a change in resting potential causing a wide range of physiological 
processes such as division, migration and differentiation [67-70]. These significant 
effects make these bioelectric cues as important as chemical gradients, transcriptional 
networks and biophysical cues in the morphogenetic field [71]. However, the 
mechanisms of how cells respond to ES are very complex and there are some 
questions that remain partially unclear, for example how do cells sense ES? How do 
electrical fields change cellular behaviors? [72]. 
 
Recent progress has revealed insights into the mechanism of how cells may sense the 
electrical fields. It was described that the cell membrane plays a key role in how cells 
do this [72]. The cell membrane is the first point of contact between cells and the 
environment. The cell membrane surface is negatively charged due to the 
predominance of negatively charged chemical groups such as phosphates and 
carboxylates, in membrane proteins and glycans [72]. The electrical fields are sensed 
through the translocation of charges or movement of dipoles within the membrane 
field. The charged group, local field strength, arrangements, disposition and 
movements of the charges or dipoles can vary; however, the final result is that 
changes in the electric field are translated into a change that accomplishes the 
function of the membrane protein such as setting the resting membrane potential, 
generating the nerve impulse, mediating the voltage regulation of phosphorylation 
and regulating homeostasis in most cells [72].  
 
Today, electrical stimulation (ES) is a broad term used for a range of different 
electrical stimulation paradigms such as electromagnetic field stimulation, capacitive 
coupled electrical fields and direct current field stimulation that can be utilised to 
stimulate  
 
Due to the promising in vitro data and multiple therapeutic benefits in clinical 
settings, electrical stimulation is well established in today’s medicine. Examples of 
these positive results for in vitro studies are the promotion of wound-healing [70], 
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bone growth [73], muscle restoration [74] and maturation [75], proliferation and 
differentiation of stem cells [76] as well as guidance and growth of nerves [77, 78]. 
On the other hand, in the clinical setting (in vivo) it is claimed that ES has positive 
effects in areas such as orthopaedics [79, 80], pain modulation [81, 82], cardiac 
assistance [83], cancers and skin ulcers [60] as well as in neuroprostheses [84]. 
Neuroprosthetics is an important area of ES application; here different sections of the 
nervous system have been stimulated in order to restore some motor, sensory, and 
autonomic functions including the brain, spinal cord, nerves, and muscles [84]. 
Furthermore, some other applications include the recording of neuronal signals and 
their potential to provide control or feedback signals to control devices, such as a 
keyboard and mouse [84]. Some examples of the applications of neuroprostheses are 
the treatment of spinal cord injuries [85], stroke [86], traumatic brain injuries [87], 
muscle weakness or paralysis [88], treatment of cerebral palsy, multiple sclerosis, 
amyotrophic lateral sclerosis (ALS) [89], in faecal and urinary incontinence and to 
improve bowel function and erectile dysfunction [90]. Moreover, there are other 
applications such as the cochlear implant, where electrodes are employed to 
stimulate auditory nerve endings to create sound sensations [91]. ES has also been 
also used in devices such as vision prostheses [92] and in deep brain stimulation [93].  
Deep brain stimulation consists of the implantation of electrodes during neurosurgery 
[94]. The implanted electrodes deliver continuous electrical stimulation, where 
usually amplitude, pulse width and frequency are programmed. This therapy has 
been used as a treatment for neurological diseases such as depression [95] and 
Parkinson’s Diseases [94].  
 
An extensive series of materials have been used as electrodes to deliver in vivo and in 
vitro electrical stimulation including metallic, ceramics and polymers. Metallic 
materials are by far the longest used materials as electrode and in fact as implantable 
devices. These types of materials have characteristics like high mechanical strength, 
thermal and electrical conductivity. They also have the ability to be deformed into 
new shapes without breaking. Some examples of metallic materials are stainless 
steel, titanium (and its alloys), gold and platinum [96]. 
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The metallic materials have been identified as safe for medical purposes, however 
they each have certain limitations. According to studies like Merrill [69] some of the 
metallic materials generate chemical residues commonly called “faradic products”. 
These chemicals are produced as a result of the electrochemical reactions from the 
conversion of ionic conductivity in the electrolyte to electron conductivity in metals. 
These reactions can potentially cause electrode dissolution due to oxidation of some 
materials and corrosion in others, or change in local pH values, making it difficult to 
evaluate the true effect of the ES on cells.  
 
Also, implanted metal materials are exposed to blood cells [97] which generate 
products such as coagulation factors, acidic metabolites, reactive oxygen metabolites, 
growth-promoting factors, and cytokines [98, 99]. Furthermore, as these metallic 
materials are implanted in many different areas of the body, they are also exposed to 
other body fluids that contain inorganic ions such as Cl-, Na+, Ca2+ and HxPO4n-, 
proteins, amino acid and organic acids, with pH of 7.15-7.35, however it can 
decrease to 5.2 in certain circumstances such as during inflammation [98]. The 
composition of biological products, body fluids, pH and oxygen changes contribute 
to corrosion, mechanical degradation and fretting fatigue of the material which over 
time will contribute to material/device failure [100]. Some other limitations of 
metallic materials is that they are often not mechanically compatible with biological 
systems as their properties are different to tissue. Metallic materials are hard, dry, 
and static compared to tissue mechanical properties which are wet, soft, ionic, and 
dynamic [101].  
 
Another major issue with recording/stimulating electrodes is the electrode size or 
area. Some applications will require small electrodes, which will be translated into 
higher impedance during electrical stimulation, causing an impact on the acceptable 
current that can be applied [102]. The issues with metal electrodes could be 
addressed by new biomaterials such as conducting polymers (CP) [103, 104] or 
organic conductors such as graphene [105-107]. CPs will be described in the next 
section.  
 
Ceramic materials are a combination of two or more materials, such as inorganic and 
non-metallic elements, which are different in composition. The combination of these 
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elements is formed by ionic bonding, which gives form to their crystalline or semi-
crystalline structure [108]. These materials do not react chemically with the tissue, 
making them potentially biocompatible materials. Some examples include alumina 
and zirconia, hydroxyapatite (s-HA), bioglass. hydroxyapatite (u-HA), α-tricalcium 
phosphate (α-TCP), β-TCP, octacalcium phosphate (OCP), tetracalcium phosphate 
(TTCP). These materials are used as fillers for periodontal defects, maxillofacial 
reconstructions, ear implants, alveolar ridge implantations, spine fusion and coating 
for metallic implants [109]. However, one main disadvantage of these materials is 
their vulnerability to cracking due to their brittle nature [108].   
While metallic and ceramic materials are widely used as biomaterials, there is 
another group of materials that has generated considerable interest: polymers. 
Polymers are generally organic compounds based upon carbon and hydrogen chains 
and typically they have very large molecular structures. They also have a variety of 
advantages over other materials, for example, they have a wide range of chemical 
structures that allows them to form complex shapes, they have tuneable surface 
functionalities [101], and they are light weight, low cost, and low density. However, 
polymers also have disadvantages; they are not stable at high temperatures and their 
strength, stiffness, and melting temperatures are generally much lower than those of 
metals and ceramics [101]. Among these polymers, there is a group that has received 
considerable attention since the 1970s; electroactive conducting polymers (CPs). 
They will be considered the next section. 
 
1.7 Conducting polymers  
 
Recent research has demonstrated that materials such as conducting polymers are 
alternative electrode materials in the biomedical field that can be used as bioactive 
materials. Conducting polymers (CPs) are a group of polymers, which have 
alternating and highly conjugated carbon-carbon double bonds along their backbone 
[110], making them significantly different from traditional polymers. These materials 
offer the possibility of improving the interaction between biomaterials and tissue by 
improving cell compatibility and limiting the inflammation response, as well as 
avoiding electrolysis and corrosion [111]. These “smart materials” offer many more 
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advantages over their metal counterparts, due to their physical, chemical and 
electrical properties which can be designed to fit specific applications [103, 112, 
113]. These properties such as conductivity, reversible oxidation, tuneable 
hydrophobicity, three-dimensional geometry, easy and fast switching between 
different oxidation states (redox), surface topography (roughness) and 
biocompatibility [114] have allowed these materials to be used in a wide range of 
biomedical applications such as drug release, neuronal recording and stimulation, 
artificial muscles, bio-actuators, biosensors, antioxidants [115]. 
 
The term conductivity refers to a material’s ability to allow electron transport 
(current). This allows us to separate materials into three main groups, insulators, 
semiconductors and conductors. Materials with less than 10−8 S/cm conductance are 
considered insulators, between 10−8 and 103 S/cm are considered semiconductors and 
higher than 103 S/cm are conductors [116]. Inherently, conjugated polymers are 
insulators, with conductivities of approximately 10−10 S/cm; however, the electrical 
conductivity of these materials can be increased by up to 12 orders of magnitude 
(approximately 102 S/cm) through the use of dopant ions, which are introduced into 
the polymer structure to balance charge. By introducing these extra charge carriers 
(polarons and bipolarons) into the polymer, the stability of the backbone structure is 
disrupted allowing the passage of charge through the polymer. This can happen in 
two ways: by reducing or oxidizing the polymer with a negative charge “n-doping” 
or a positive charge “p-doping”, so it can be concluded that the role of the dopant is 
to either add or remove electrons into the polymer chain [113], allowing the 
improvement of charge transfer, making the material conductive. Different dopants 
have been used for CP, for example, hydrochloric acid (HCl), p-toluene sulphonic 
acid (PTSA), dodecylbenzenesulphonic acid (DBSA) and lauric acid (LA). The 
properties of doped CP can vary significantly, depending on the choice of the 
dopants and doping level [117].  
 
There are more than 25 conducting polymers today; some of the most commonly 
used due to their good stability and high conductivity are as follows; polypyrrole 
(PPy), polyaniline (PANI), 3,4-ethylenedioxythiophene (PEDOT), polythiophene 
(PTh), polythiophene-vinylene (PTh-V), poly (2, 5-thienylenevinylene) (PTV), poly 
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(3-alkylthiophene) (PAT) [103]. Due to its properties and applications, polypyrrole 
(PPy) is possibly the most studied CP. 
 
Since it was first introduced by the Australian researcher Bolto in the 1960s 
polypyrrole (PPy) has become one of the most extensively investigated CPs in tissue 
engineering applications [118]. In general, PPy is an amorphous, brittle and opaque 
material that has high electrical conductivity, ion exchange capacity, good 
environmental stability, easy surface modification but more importantly, it can be 
synthesized and modified in many ways, making it attractive for a wide range of 
applications [119-124]. PPy biocompatibility has been evaluated by the standard 
toxicity tests (ISO 10993 and ASTM F1748-82); by depositing PPy powder into cell 
cultures and also in animal models. These studies found no adverse effects on cell 
cultures nor on the animals tested [125].  
 
PPy (Figure 1-7) has been used in different areas such as drug delivery, bio-
actuators, neuronal and cardiovascular applications [113]. It is also considered a 
versatile material that has many excellent qualities and stimulus-response properties. 
It has the facile and fast capability to switch between different oxidation states 
(redox), has good chemical stability in different environments, for example in water 
and air. It can be fabricated with a large surface area, with different porosities [103], 
can be easily synthesized, but more importantly, it offers the possibility of easy 
modification to make it more suitable for biological applications through the 
incorporation of bioactive molecules [127] such as nerve growth factor [126], 
fibronectin and bovine serum albumin [127]. 
 Furthermore, the requirement to dope the polymer has provided a useful way to 
integrate biological molecules into the polymer, allowing bioactive dopants such as 
dexamethasone phosphate (DP) [128] to be available in in vivo and in vitro settings 
[113]. For example, PPy/DP has been used as a coating strategy to decrease the 
degree of reactive tissue response of brain implants by release of the DP [128]. 
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Figure 1-7. Chemical structure of polypyrrole. Images obtained from reference [119]. 
 
Here, two main applications of PPy will be described, the non-electrical stimulation 
and electrical stimulation applications. For example, it has been shown that PPy/DS 
and PPy/DBS substrates support muscle cell adhesion and differentiation [129]. 
Moreover, PPy has shown to be a promising surface modification that can be used to 
support endothelial progenitor cells and cardiac stem cell viability [130, 131].  
 
On the other hand, the electrical stimulation applications of PPy are wide, and they 
have been used for in vivo and in vitro settings. For example, PPy has been used as a 
coating material for neuronal probes implanted into a guinea pig brain [132]. Also, 
the positive effect on the implantation of platinum electrode arrays coated with 
polypyrrole/para-toluene sulfonate plus neurotrophin-3 growth factor 
(PPy/pTS/NT3) into deafened guinea pigs for preservation of spiral ganglion neurons 
has been reported [133]. Furthermore, in an in vitro context, PPy has been used to 
stimulate nerve tissue and cell lines such as PC12 cells (cell line derived from 
pheochromocytoma of the rat adrenal medulla) [134]. Schwann cells [135] and 
human neuronal stem cells [136]. These neuronal cells were seeded and stimulated 
on PPy, resulting in an increased number of longer neurites compared to 
unstimulated cells on the same scaffolds. Also, auditory nerve cells have been shown 
to be positively effected by electrical stimulation applied by functionalized 
electrodes. The electrodes were coated with PPy/NT3 and then they functioned as a 
substrate for neurotrophin (NT3) release displaying an enhancement on the auditory 
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neuron neurite outgrowth [137]. Additionally, important studies have shown the 
potential clinical application of PPy by differentiating human neural stem cells when 
applying electrical stimulation using PPy/DBS [138]. It can be concluded that 
conducting polymers especially PPy have many attractive properties such as easy 
synthesis, biocompatibility, electrical conductivity and the ability to release 
biomolecules, drugs or growth factors that makes them an attractive candidate for 
biomedical applications in in vitro and in vivo environments.  
 
As important as it is to control cell behaviour, it is essential to understand inter-
cellular communication. This thesis describes the use of two cell types capable of 
generating extracellular action potentials: muscle and nerve cells. Measurement of 
these action potentials is essential to understanding how they behave, with the next 
section describing one of the many tools used for assessing the functionality of these 
cells. 
 
1.8 Recording electrophysiological activities of cells  
 
Action potentials can be measured both intracellularly and extracellularly. The 
intracellular measurements involve a technique called patch clamping, which 
requires the insertion of an electrode into the cell membrane, limiting the ability to 
record for long periods of time. Extracellular recordings can be done using a non-
invasive platform such as multi-electrode arrays (MEAs), allowing the recordings to 
take place over a long period of time without damaging the cells. MEAs can also be 
used to investigate the propagation of signals across an entire network, meaning that 
cell-to-cell transmission of signals is observed as well as action potentials within 
cells. It is important to appreciate that different tissues have specific 
electrophysiological activity patterns, for example neurons have different activity 
patterns to those of muscle cells [139]. 
 
In order to understand the causes and treatments of neurological disorders, a range of 
tools have been used. In the last 15 years MEAs have been used as in vitro models in 
research to provide extracellular electrophysiological information. The MEA 
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technology enables short-term studies from tissue slices or long-term studies from 
cell culture preparations [140-142]. 
 
When MEA technology was first introduced by Thomas et al. (1972) [142], it 
consisted of an array of 2x15 electrodes made of thin layers of gold/nickel printed 
onto a piece of glass using photolithography. These first MEAs were used to record 
action potentials from cardiac myocytes. It was not until 1977 that the first 
recordings from individual neurons (isolated from snails) were reported by Gross in 
1977 [143]. The next major advance in MEA technology was achieved by Pine et al. 
(1980) [144] who recorded the first signal in vitro from a mammalian central nervous 
system using a 16 electrode array. This important advance was followed by Gross et 
al. (1985) [145] recording from murine spinal neuronal networks, introducing 
transparent electrodes made of indium tin oxide to improve the visibility of cells 
growing on the MEAs under microscopes. [146-148].  
 
After the initial MEA designs, the technology increased the number of electrodes 
from 15 to 64. In this case the 64 electrodes were made of indium-tin oxide, which 
were photo-etched onto the surface of a piece of glass, then insulated by a 2–3 µm 
thick layer of polysiloxane resin. Microelectrodes at the recording area (matrix) of 
each MEA were constructed by removing the insulating material in 15–20 µm 
diameter craters with subsequent electrolytic gold-plating of the exposed indium-tin 
oxide for decreased impedance.  
 
Even though the number, size, and arrangement of the electrodes can be customized 
depending on the application, typically the electrodes are 10-30 µm in diameter and 
arranged in arrays, covering about 0.2–2 mm2 in total. A typical electrode layout is 
shown with and without cultured cells in Figure 1-8. Each electrode is connected by 
a lead that is insulated from the cell solution, to a terminal that is placed in the 
extremities of the glass or polymer. This terminal makes contact with an external 
amplifier, which sends the signal to a computer for digital conversion, noise 
filtration, and analysis. 
 
MEA technology has improved dramatically since the first designs: the process of 
manufacturing MEAs has improved, the number of electrodes has increased, and the 
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design of the materials for both electrodes and the based has changed. Today MEAs 
can be made from transparent and flexible polymers and there are several 
commercial enterprises that manufacture and sell various MEA electrodes and 
associated electrical systems including Plexon (USA), Multichannel (Germany), and 
Med64 (Japan). 
 
The events recorded by MEAs are extracellular recordings, which can provide 
valuable information regarding the changes in function of the neuronal networks and 
muscle. In order to obtain reliable recordings from cultured cells, several parameters 
must be taken into consideration, including minimum cell seeding densities and 
hydrophobicity of the MEA surface. Another important factor to obtained reliable 
electrophysiological recordings is the use of coating materials such as collagen, 
fibronectin, poly-D-lysine, laminin and poly-L-lysine [149, 150] as these materials 
improve cell-adhesion. It is acknowledged that although the use of cell adhesion 
molecules is necessary to detect reliable signals via the MEA, the use of these 
molecules may themselves alter cell behavior and communication. 
 
 
Figure 1-8. A) Typical MEA layout with 32 amplifier contacts at either side. B) 1mm2 
recording area with 8 x 8 electrode matrix, electrodes equally separated by 200 µm. C) Set of 
MEA electrodes in culture with muscle cells. D) Set of MEA electrodes in culture with 
cortical neurons. Scale bars represent 200 µm. 
 
Basic measurements that can be obtained from MEAs include the rate of individual 
action potentials (spikes) and groups of action potentials (bursts) recorded on each 
electrode. Many other parameters of action potentials may be obtained by using 
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commercial hardware systems and custom written or commercially available 
software (e.g. Neuroexplorer by Nex Technologies, Littleton, MA). These include 
burst duration, the number of spikes in a burst, the percentage of spikes in a burst, 
and the inter-spike and inter-burst intervals. These allow us to study synaptic 
plasticity, single unit activity, rhythmic activity and pharmacological drug testing 
[151]. 
 
There has been steady advancement of these electrophysiological platforms, which 
has facilitated research into the functionality of different cells including neurons 
[152-154] and muscles [155, 156] in some cases in the presence of drugs. However, 
it is necessary to acknowledge that these MEA systems and 2D in vitro models in 
general still need to overcome one important remaining problem: the poor interaction 
between cells and materials (recording electrodes). It has been reported that the 
interaction between cells and their surrounding substrate (natural or artificial 
material) is primarily influenced by proteins that have been deposited onto the 
surfaces of materials [157]. As most cells are anchorage dependent, it has been 
determined that the material should facilitate their attachment [158]. Consequently, 
extensive research has been done in order to improve material biocompatibilities and 
one of the many approaches includes surface modifications, which will be discussed 
in the next section. 
 
1.9 Surface modification 
 
Cellular activities such as adhesion, spreading, migration, proliferation and 
differentiation have been shown to be strongly dependent on cell–material 
interactions. These interactions have been shown to occur through a combination of 
biochemical and biophysical signals such as interfacial presentation of molecular, 
topographic and mechanical cues [159]. 
To date, a variety of material properties that influence cell behaviours have been 
discovered, including hydrophobicity, surface charge, roughness and stiffness [160]. 
Furthermore, different techniques and methods have been developed in order to 
modify these material properties, such as surface roughening, surface patterning, 
chemical modification of the surface and attachment of biomolecules [160]. 
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Surface roughening is used to alter the topology of the surface without any chemical 
alterations. This technique increases the surface area of the materials, which has been 
shown to restrict the cell movement [161]. Surface patterning changes the topology 
of the surface, however this modification is in a more organized manner [162]. It 
allows the formation of regions of adhesive and non-adhesive surfaces on the same 
material, meaning a more direct control over cell behaviour [163]. Patterning of 
biomaterial surfaces can be accomplished using methods such as micro- and nano-
fabrication technologies [163].  
Surface stiffness is a measure of how stiff or soft material surfaces are in relation to 
the stiffness of the native tissue [164, 165]. Numerous reports have shown that cell 
attachment, proliferation and differentiation can be regulated by the substrate rigidity 
[164]. For example, it was shown that fibroblast cells proliferated better on soft 
surfaces [166]. Furthermore, a neuronal cell study described the effect of surface 
stiffening at different developmental stages. The study indicated that using softer 
substrates at the initial stages of development promoted axonal elongation and that 
stiffer substrates at later stages could foster outgrowth of more primary dendrites, 
consequently promoting synaptogenesis [167]. 
Chemical modifications, on the other hand, have the capacity to change the 
material’s surface without making significant alterations to the bulk properties. An 
example is plasma surface modification techniques. There are different plasma 
surface modification methods and plasma sources that can be used, depending on the 
different materials and requirements [162, 168]. Some of the most-used plasma 
sources are gaseous, metallic and laser based. Furthermore, the most-used plasma 
surface modification techniques are plasma sputtering, etching, cleaning implantation 
and deposition [162, 168]. Plasma etching ablates material surfaces via volatile 
products generated in the plasma, which can create the desirable micro- and macro- 
features on the materials. Furthermore, plasma patterning uses an electroformed 
screen mask, then the pattern on the mask is transferred from the mask to the surface 
by taking away the atoms from the unmasked regions [162, 168].  
Some other surface modification methods used to improved cell attachment include 
the immobilization of biomolecules such as proteins like fibronectin, laminin or 
collagen [169], and in some cases growth factors like bFGF, EGF and NT-3 [170]. 
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Protein modification offers important improvements on cell attachments, however, 
the use of these proteins could bring some other disadvantages if materials had a 
potential medical application, as, depending on the source, these proteins could 
produce adverse immune responses. Moreover they may have short term stability 
[171].  
A relatively new solution to the protein attachment limitations is the use of peptides, 
which are relatively easy to characterize, more compatible with different processes 
such as sterilization, heat treatment, pH variation and overall more stable in the long 
term [171]. Another advantage of peptides is their specificity; ECM proteins contain 
many cell recognition motifs, while peptides represent only one single motif, making 
it easier to address particular types of cell adhesion receptors [172]. The RGD (R: 
arginine; G: glycine; D: aspartic acid) sequence is one of the most employed and 
effective peptide sequences used to promote cell adhesion onto synthetic surfaces 
[171, 173, 174]. The RGD peptide was identified in 1984 as an essential cell 
adhesion peptide sequence in fibronectin. Subsequently, cell adhesive RGD sites 
were identified in many other ECM proteins, including collagen, laminin, fibrinogen, 
osteopontin, as well as in membrane proteins in viral and bacterial proteins [172].  
While these modifications to 2D in vitro models are valuable and can improve cell 
fate, it is clear that 2D in vitro models have one primary disadvantage: clearly, they 
do not replicate the in vivo environment. For this reason, in recent years, there has 
been an increasing interest in developing techniques and tools that will allow 
scientists to study cells in in vitro models that better replicate tissue-like structures, 
typically referred to as 3D systems or 3D cell cultures. The next section introduces 
cell encapsulation in this context, as well as discussing some of the materials that 
have been used for 3D cell encapsulation. 
 
1.10 Hydrogels as matrices for 3D cell culture. 
 
The field of tissue engineering has advanced markedly over the last decade, and 
engineered tissues are under development for both regenerative medicine 
applications as well as the formation of accurate in vitro models for the study of 
fundamental tissue behaviours, disease states and drug discovery. Two dimensional 
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(2D) cell culture systems on flat glass or plastic substrates have been used to grow 
cells since 1907 [175]. These 2D systems have been indispensable for different 
applications from research to industry; however they do not completely mimic the in 
vivo micro-environment of tissues as cells act differently in 2D versus 3D. To 
address these limitations biological and synthetic materials have been formed into 
cell-supporting tissue scaffolds [176, 177] creating 3D in vitro cell culture systems 
which demonstrate that culturing cells in gels as a 3D environment better mimics the 
tissue-like environment [178, 179]. When dissociated cells are encapsulated into 
biomaterial scaffolds, these structures function as a synthetic extracellular matrix 
(ECM) [180, 181]. In broad terms, the extracellular matrix (ECM) provides structural 
support to mammalian cells, as well as providing multiple vital cell functions, in 
addition to assembling cells into different types of tissues by bringing cells together, 
supplying and allowing diffusion of different factors, such as growth factors, 
nutrients, gas exchange (O2 and CO2), as well as metabolic waste removal [182].  
 
The need to provide an in vitro cell culture environment that mimics cell behaviour 
in vivo has remained a significant challenge due to the complexity of this 
environment. A wide range of factors including substrate-bound factors, diffusible 
factors, electrical and magnetic fields, and topographical features contribute to this 
complexity [183, 184].  
 
It has been hypothesized that cells have the capacity to sense their surrounding 
environment and respond to it by altering their morphology in adaptation to the 
different arrangements of the extracellular matrix [185-187]. Therefore, the 
mimicking of ECMs is key to construction of better in vitro models. The biomaterials 
used to accomplish this goal must meet certain criteria to function as effective 3D 
scaffolds, including biological properties such as cell adhesion and physical 
parameters such as mechanical and degradation properties as well as suitable 
porosity [188-191].  
 
Porosity has been defined as the ratio of pore volume to the total material volume, 
expressed as a percentage. Porosities of hydrogels can be influenced by several 
parameters such as pore size and shape, as well as size distribution and pore wall 
roughness. [192]. These parameters need to be considered when designing a material 
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for tissue engineering purposes, they have been shown to be key elements for cell 
survival when culturing cells on/in hydrogels as they allow cell ingrowth, uniform 
cell distribution and motility. Furthermore, adequate porosity allows nutrients to be 
delivered to cells as well as oxygen exchange in the inner regions of a hydrogel 
[192], consequently allowing cells to move and migrate to mimic in vivo behaviour 
more accurately (Figure 1-9) [193-197].  
 
 
Figure 1-9. Cell growth in 2D versus 3D. The top image represents cells in a 2D 
environment (collagen-coated glass); the bottom image highlights the different morphologies 
that result from 3D culture within the same material (collagen). Image reproduced from 
reference [191].  
 
Since the early 1980s, the use of hydrogels and synthetic ECM have played an 
important role in providing scaffolds that create 3D microenvironments for cells. 
Due to the structural similarities of macromolecular-based components of the ECM 
with hydrogels, there has been substantial interest in 3D culturing of cells within 
them. The hydrogels can absorb a large amount of water or biological fluid, up to 
99% of volume [187] with the remainder being a hydrophilic polymer network that 
constrains the fluid within the boundaries of the hydrogel. Hydrogels have been used 
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in many biomedical-related areas such as drug delivery systems, wound dressings, 
tissue engineering scaffolds and in many cases in everyday products such as hygiene 
products, and contact lenses [198].  
 
There are a variety of hydrogel-forming polymers, based on their molecular charge, 
for example anionic, cationic, neutral and ampholytic, or based on their 
responsiveness to stimuli such as pH or temperature. Hydrogels can also be classified 
based on their composition, for instance copolymers, homopolymers, interpenetrating 
networks; or based on their structure, like amorphous and semi-crystalline [199, 
200].  
In order to develop proper hydrogel scaffolds, the mechanical strength and 
biodegradation rate of hydrogels must match the tissue growth and the new ECM 
production [201]. The hydrogel structure is a crucial element that allows the control 
of mechanical strength and biodegradation of scaffolds making it a key element 
when designing and characterizing hydrogels. The control of this structure allows the 
manipulation of hydrogel properties such as degradation, diffusion and cell migration 
[201]. There are several parameters that can influence the hydrogel structure such as 
the swelling ratio, the polymer volume fraction in the swollen state, the number 
average molecular weight between cross-links and the network mesh size [201]. In 
general, these properties can be adjusted through changes in the chemical structure, 
crosslinking density and peptide incorporation in hydrogels as described later in this 
chapter.   
Furthermore, hydrogels can also be classified based on their source of origin, in this 
case natural or synthetic [202]. Natural polymers can be derived from different 
organisms such as bacteria, plants, animals and humans. Some examples are gellan 
gum (GG) [203, 204], alginate [205, 206], agarose, chitosan [207, 208], gelatin, 
hyaluronic acid, silk, fibrin [209] and collagen [210, 211]. On the other hand, 
synthetic polymers tend to have better mechanical properties and they can be 
produced consistently and cheaper in large quantities [202]. Also, synthetic materials 
are readily processed, which give them more reproducible physical and chemical 
properties. These synthetic hydrogels may lack specific or necessary cell interaction 
motifs, however they can be tailored with respect to structure, biodegradability and 
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functionality [212] and have been used successfully in tissue engineering since 1955 
[213]. 
Some of these synthetic materials are hydrophobic in nature, preventing them from 
forming hydrogels by themselves, for example PGL (poly-glycolic acid), PLA (poly-
lactic acid), PGLA (a combination of both) [214-218]. Nevertheless, these materials 
can be used with hydrophilic materials such as such as poly (ethylene glycol) (PEG), 
poly (vinyl alcohol) (PVA), polyvinylpyrrolidone (PVP), polyimide (PI), 
polyurethane (PU) to develop copolymers [212, 219]. The copolymers produced can 
differ in characteristics due to various chemical structures, water content, cross-
linking or synthesis techniques [212].  
An example of the application of synthetic materials is PEG, which is one of the 
most widely used synthetic materials in tissue engineering due to its properties such 
as solubility in water and in organic solvents, nontoxicity, low protein adhesion and 
non-immunogenicity [212]. This material has been used as a drug delivery system 
and for cell encapsulation and tissue repair [213]. Further, polyHEMA has been used 
for contact lenses, as well as drug delivery systems. Moreover, PVA has been used 
also in contact lenses, wound healing, cartilage reconstruction and regeneration and 
drug delivery systems. Additionally, PVP has been used in wound dressing 
applications, PI hydrogels in reconstructive surgery and PU as catheter coating 
materials, artificial kidney membranes, in wound dressings and in contact lenses 
[213].  
 
Moreover, the hydrogel-cell interaction can be improved by incorporating ECM-
related peptide sequences to influence and stimulate cell survival as well as growth 
and differentiation [220-224] as mentioned in the previous section. Alginate, for 
example, has been modified with peptide sequences GRGDS and RGD and GG with 
GRGDS peptides [171, 225-229]. GG has also been modified with RGD peptide, 
showing an increase in muscle and neuronal cell adhesion and proliferation 
compared to the same materials without peptide modification [174, 230]. 
 
Although many novel biomaterials allow for the encapsulation of dissociated cells, 
they have not yet accurately replicated tissue-like structural organization [231]. The 
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future success of developing desirable tissue-like structures is highly dependent on 
the combination of design of biomaterial with controlled physical, chemical and 
biological properties and the development of new biofabrication methods that will 
allow the fabrication of highly complex and functional scaffolds that support cell 
growth and tissue regeneration [232, 233]. In recent years 3D printing has shown 
promise for creating these complex structures [234-236]. The next section discusses 
the main components of 3D printing technology, as well as the use of “bio-inks”.  
 
1.11 3D Biofabrication  
 
The tissue engineering field has experienced enormous progress in the last few 
decades, however the main goal remains, being the development or regeneration of 
defective tissue and organs [112]. Concepts such as scaffolds and 3D cell 
encapsulation have emerged as possible alternatives to yield functional tissues or 
organs. However, these methods suffer from several limitations including limited 
diffusion properties due to inadequate control over scaffold properties such as pore 
size, pore geometry, distribution of high levels of interconnectivity, and mechanical 
strength [237].  
These limitations highlight that the fabrication of truly biomimetic regenerative 
scaffolds is an incredibly complex challenge, one that requires an integrated 
approach to both biomaterials and biofabrication technologies [174]. Recently, 
bioprinting or biofabrication (a subset of additive manufacturing (AM) commonly 
termed 3D printing) has emerged as a critical tool in tissue engineering [173, 238-
241]. This method allows the accurate positioning of cells and biocompatible 
materials with the aim of forming functional 3D tissues (Figure 1-10) [238, 242] and 
helps to overcome some of the limitations of conventional cell encapsulation such as 
pore size, pore geometry and mechanical strength by allowing scaffolds to become 
more precisely fabricated [237]. The technique relies on the use of computer-aided 
design (CAD) software to deposit the material (bio-ink) layer-by-layer with a high 
degree of accuracy. The basic component of 3D printing systems is a main computer, 
3-axis stage controller, pressure controller, and XYZ stage cartridges (Figure 1-10 
B). As materials (bio-inks) are precisely deposited for the formation of the scaffold, 
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they may be cross-linked or polymerized through heat, ultraviolet light, or binder 
solutions.  
 
Figure 1-10. 3D Bioprinting system. A) 3D printing through a layer-by-layer building 
sequence. B) A 3D system consists of three major units: 3-axis stage/controller, dispensing 
module including multi-cartridge and pneumatic pressure controller and a closed acrylic 
chamber with temperature controller and humidifier. C) Formation of 3D printed scaffold 
with different geometries (cube, square frame and pyramid). Figure modified from [243], 
[237] and [244]. 
 
Several different approaches have been utilized to produce 3D bioprinted structures; 
with each specific technique tailored to produce a certain geometry and application 
[202, 245-247]. Some samples of these 3D bioprinting techniques are the direct 
printing/ inkjet, electrospinning, bioplotting, fused deposition modelling, selective 
laser sintering, stereolithography, and indirect 3D printing [237]. Table 1-3 offers a 
comparison of the preclinical progress of different 3D printing techniques. 
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Table 1-3. 3D printing techniques used to print scaffolds for tissue engineering. Table 
obtained from [237]. 
Printing Method Advantages Disadvantages Preclinical progress 
Direct 3D 
printing/Inkjet • Versatile in terms of usable materials 
• No support is 
necessary for overhang 
or complex structures 
• Potential toxicity (incompletely 
removed binders) 
• Low mechanical strength prints 
compared to laser sintering 







• Prints viable cells 
• Soft tissue applications 
• Limitation on nozzle size 
• Requires support structure for 









Modeling • Low cytotoxicity vs direct 3D printing 
• Relatively inexpensive 
(printers and materials) 
• Limitation on materials (often 
requires thermoplastics) 
• Materials used are non-
biodegradable 
• Requires support structure for 
overhangs and complex shapes 
• Post-processing may be necessary 




Sintering / Laser 
induce 
• Provides scaffolds with 
high mechanical 
strength 
• Powder bed provides 
support for complex 
structure 
• Fine resolution 
• Limitation on materials (must be 
shrinkage and heat resistant) 
• Very high temp required (up to 
1400°C) 
• Expensive and time consuming 






Stereolithography • Very high resolution 
• Speed of fabrication 
• Smooth surface finish 
• Materials must be photopolymers 
• Expensive (two photon printers) 
• Support system is necessary for 




Electrospinning • Speed of fabrication 
• Cell printing 
• Soft tissue engineering 
• Low shear stress 
(bioelectrospraying) 
• Random orientation of fibers 
• Non-uniform pore sizes 








Printing • Good for prototyping /preproduction 
• Material versatility 
casting once mold is 
obtained 
• Requires proprietary waxes for 
biocompatibility (Wax Printing) 
• Low accuracies/resolution 
• Mold required for casting 
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The most popular 3D bioprinting methods are laser-induced forward transfer, inkjet 
printing and robotic dispensing (Figure 1-11) [236, 248]. The laser induced method 
uses a laser pulse to dispense the hydrogel “bioink”. The pulse is directed onto a 
donor slide, which creates a pressure to the bioink, which is dispensed to the 
collector slide. This technology does not require a nozzle, which avoids clogging, 
and it provides precise deposition of materials or cells. However, it requires bioinks 
with specific viscosities and rapid gelation, limiting the materials that can be used for 
this technique [248].  
The inkjet printing method consists of dispensing the bioink through the small orifice 
in the printing head. This process can be done using a piezo-electric or thermal 
approach. In the piezo electric method a mechanical pulse is applied to the bioink 
causing a wave that forces the bioink to go through the printing head, on the other 
hand the thermal process uses a heater to create a pulse by vaporizing small volumes 
of the bioinks [236].  
The robotic dispensing method is based on materials (and cells) deposition using 
syringes either with screw driven, pneumatic or piston mechanisms. This robotic 
technique dispenses continuous amount of bioink rather that droplets. The resolution 
accomplished with this system is lower that inkjet printers, however, they are 
significantly faster [234, 236, 248]. 
 
 
Figure 1-11. 3D bioprinting methods, laser-induced forward transfer, inkjet printing and 
robotic dispensing.  Image obtained from reference (227)  
 
Even within the range of techniques available, there is a limit to which biomaterials 
can be utilized, based upon their mechanical properties and crosslinking methods. 
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These biomaterials are typically called “bio-inks” (in 3D printing). Bio-inks are 
processable solutions that support cells during printing, and enhance survival, 
proliferation and function of cells within the printed scaffold [241, 249]. Hydrogel-
forming biopolymers have shown particular promise as the major component of bio-
inks. The scaffolds formed from such materials have adequate internal structure 
(porosity) and diffusion rates to exchange nutrients and waste materials with the 
surrounding medium, allowing cells to organize in a tissue-like manner [250-254]. 
More importantly, their chemical, optical and physical properties can be modified 




In this chapter the complexity of the nervous system, its main component parts, as 
well as the key players involved in muscle contraction such as motor neurons, 
muscle cells and NMJ have been described. Furthermore, some of the diseases that 
could result from a malfunction of any of these components were presented. ES was 
presented as a possible tool to modify cellular behavior. Moreover, some of the 
technologies that have been used to record and stimulate neuronal and muscle cell 
electrical activity were discussed. However, after years of studying 2D in vitro 
models and developing 2D recording technologies to understand NMJ formation, 
there is still space for improvement of the model. One path could potentially be the 
continuous improvement of the in vitro cell cultures i.e. by generating homogenous 
co-cultures (using cells from same species). Another possible approach is to improve 
the performance of the electrodes by using new materials (polymers) that will 
improve their biocompatibility and flexibility. Finally, a more challenging approach 
is to switch to 3D cell cultures, which have been shown to mimic more closely the in 
vivo settings and to develop new 3D recording platforms. 
 
A promising approach could be the combination of these 3D cell cultures with 
electrical recording and stimulation modalities, which could allow us to understand 
the impact of ES on cell function as well as enable the recording of electrical 
activity, i.e. neuronal or muscular. While many improvements have been made in the 
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two areas, a main challenge remains in the efficient combination of 3D cell cultures 
with the recording /stimulating systems. 
 
1.13 The aims of this project  
 
The current treatments for neuromuscular disorders can only slow the disease 
progression and relieve the symptoms. Deeper understanding of the underlying 
mechanisms, as well as exploration of therapies that may address underlying issues 
in NMJ defects may provide more treatment options, but in order to explore these 
issues, reliable experimental models are needed. Therefore, the development of in 
vitro models has become an important way to further the study of neuromuscular 
diseases and to potentially develop new treatments. 
 
The main goal of this thesis was to develop, characterize and implement 2D and 3D 
in vitro models to study NMJ formation. In this context, the first aim of this thesis 
was to develop a 2D in vitro NMJ model. This provided a robust model to investigate 
the effect of ES on the formation of NMJ, since it has been shown that ES has 
positive effects on cell behaviour. Secondly, this thesis aimed to develop a novel 
electrophysiological tool using MEAs, with the goal of using this tool to investigate 
the functionality of nerve and muscle cultures as well as co-cultures in 2D and 3D 
environments. Lastly, the thesis aimed to develop 3D cell culture encapsulation 
techniques for nerve and muscle cultures as well as co-cultures for in vitro models. 
Such models would certainly contribute to narrowing the gap in effectiveness 
between in vitro and in vivo models. 
 
In Chapter 2 a reliable nerve-muscle co-culture in vitro model was implemented, 
characterized and used as a tool to study the effect of ES on the formation of AChR 
available for NMJ formation. Further, the versatile set up used for ES delivery 
allowed the optimization of some of the critical parameters of ES such as frequency, 
amplitude and timing of stimulation, as well as the opportunity to test different 
electrode materials such as conductive polymers.  
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Chapter 3 describes the development of a tool to measure the functionality of cells 
cultured in 3D environments. Here, an existing platform (MEA) was used as a base 
to develop a sieve-MEA, with the idea being to use them in a stackable manner. Each 
MEA was to contain micro-holes, made onto the MEAs using laser drilling. The aim 
of the micro-holes was to allow axonal connection between layers.  
 
Chapter 4 presents methods and materials used for cell encapsulation, also known as 
3D cell culture. An innovative 3D printing method was introduced. The initial 
section of Chapter 4 was devoted to the characterization of cell encapsulation where 
primary cortical neurons, primary myoblast cells and co-cultures of these were used. 
Different materials for cell encapsulation were introduced, such as gellan gum (GG), 
GG modified with RGD and collagen. The final section of Chapter 4 describes an 
innovative 3D printing process and an application of this method; it also describes 
the optimization process to obtain an acceptable balance between the ‘bio-ink’, cell 
survival and structural stability.  
 
Chapter 5 provides the conclusions of this thesis and Chapter 6 describes future 
work.  
  













Effects of electrical stimulation (ES) on 






2 Effects of electrical stimulation (ES) on neuromuscular 
junction (NMJ) formation in 2D. 
 
This chapter is based on the publication:  
Electrical stimulation enhances the acetylcholine receptors available for 
neuromuscular junction formation. Rodrigo Lozano, Kerry J. Gilmore, Brianna C. 
Thompson, Elise M. Stewart, Aaron M. Waters, Mario Romero-Ortega, Gordon G. 
Wallace. Acta Biomaterialia, 2016; 45:328-339. 
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2.1 Introduction 
 
Traditionally it was believed that nerve determined NMJ formation, given that nerve 
development appeared to determine the location of synapses on the sarcolemma 
during reinnervation of denervated muscle [256]. However, over the last decade the 
myocentric model of synaptogenesis, which states that muscles have an intrinsic 
capacity to regulate NMJ formation independent of neural signalling, has challenged 
this traditional view. Today, it is well known that during early embryonic 
development, acetylcholine receptors (AChR), a critical component of the 
postsynaptic apparatus, develop on muscles before the arrival of neurites [256]. This 
postsynaptic membrane undergoes a transformation, as the receptors from the 
neonate are very different from the ones from adults. This transformation is a 
complex process where the shape changes from a simple oval plaque to a pretzel-like 
set of branches (Figure 2-1) [51]. 
As the receptors mature, they change in size, shape as well as molecular architecture. 
Once mature, they can be maintained for the life of the organism, but have the 
capacity for remodelling in response to altered input. This remodelling opens the 
possibility of increasing aneural cluster formation on muscle artificially using 
different techniques, such as ES, which has been shown to have a positive effect on 
the formation of NMJs [257]. This myocentric model and remodelling of the AChRs 




Figure 2-1. ACh receptor maturation. Changes in size and shape of receptors from embryos 
(E13 to E17) to 30 days old mice (P30). Image obtained from reference 51. 
 
ES has shown positive effects on NMJ formation [257], however there is no clear 
consensus on the optimal parameters for this stimulation. There are many parameters 
in ES that are important in clinical applications such as the ones we investigated in 
this study, (frequency, amplitude, duration of stimulation, electrode materials) plus 
many more such as pulse width, biphasic vs monophasic, and the shape of the 
stimulation pulse (square wave, sinusoidal, triangular). It has been previously 
described that one of the major concerns whenever stimulating tissue is the 
generation of by-product reactions such as change in pH, corrosion products and 
production of gases [258]. Biphasic current pulses are believed to minimize these 
undesirable products. Protocols such as 100 µs pulses with a 20 µs interphase gap of 
open circuit, at a frequency of 250 Hz has been used in clinical stimulation of the 
 68  
auditory nerves via cochlear implants [133]. Also, this protocol was shown to have a 
positive effect on nerve axonal growth without causing damage to tissue and with 
minimal by-product generation [133]. The protocol has been reported in many 
subsequent studies of the beneficial effects of electrical stimulation on primary and 
cell line cultures by our group and others [170, 174, 259].  
 
Here an innovative in vitro model was adopted to investigate the effects of ES on the 
number and size of AChRs available for NMJ formation by optimize the ES 
parameters such as frequency, amplitude, duration of stimulation and electrode 
materials. Initially the ES protocol was optimised using a gold-coated mylar film as 
the cell culture substrate, then a conducting polymer, polypyrrole doped with DBS, 
was used as a strategy to further improve the ES effects. The PPy platform provides 
control over redox reactions due to polymer oxidation and reduction, avoiding 
generation of other unwanted electrochemical reaction products.  
 
The film’s properties (gold-coated mylar substrate and conducting polymer coatings) 
were characterized using SEM, AFM and impedance measurements. 
Immunohistochemistry and confocal microscopy were employed to determine the 
increase in number and size of AChR clusters, which was further supported by 
analysis of cell lysates for NMJ-associated proteins by Western blotting. The 
functionality of the NMJ model was also demonstrated by monitoring the responses 
to neuronal stimulation using calcium imaging as well as observations of muscle 
twitching. This in vitro model provides a tool for further investigation of the delivery 
of either direct or field electrical stimulation to the cells, and allows many different 
stimulation strategies to be assessed simultaneously.  
 
This chapter is divided in three main sections: cell characterization, material 
characterization, and lastly electrical stimulation of mono- and co-cultures of primary 
muscle cells and a neural cell line. The first section of the chapter describes the 
protocol used for the establishment of the optimal conditions for the mono-cultures 
of motor neurons (NSC-34) and primary myoblast cells as well as the optimization of 
the co-cultures. The chapter continues by describing electrode material 
characterization using AFM and SEM techniques as well as impedance 
measurements to compare properties of gold electrodes with and without a 
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conducting polymer coating. Once co-cultures and electrodes were optimized, the 
electrical stimulation concept was added. The final section of the chapter describes 
ES parameter optimization. For this section, initial stimulation parameters based on 
previously described parameters were used, having been shown to have positive 
effects on neuronal differentiation and guidance [259, 260]. These parameters 
consisted of current pulses of 1 mA/cm2 with a biphasic waveform, with 100 µs 
pulses with 20 µs interphase open circuit and 3.78 ms short circuit phase, at a 
frequency of 250 Hz.  
 
One of the novel factors of this study is the development of a homologous co-culture 
model. This means that both nerve and muscle cells are derived from same species 
(mouse in this case) and are relevant cell types i.e. motor neuron and skeletal muscle 
cells. This is an alternative approach to most of the reported co-culture systems, 
where cells from different species were used, such as PC-12 cells, which are derived 
from rat adrenal gland, as a neuronal cell model although in fact they are not 
neuronal cells.  
In conclusion, this study shows that this model could be used to investigate the 
positive effect of variations in ES parameters e.g. frequency, amplitude, duration of 
stimulation and electrode material (PPy/DBS). Also, it extends the literature by 
advancing the development of models for NMJ formation that more accurately 
reflect reality of in vivo settings.  
 
2.2 Methods and Materials 
 
 Introduction  2.2.1
This section details the procedures, instruments and materials that were used in this 
research. The research involved the culture of cell lines and primary cells in 2D and 
3D, and detailed descriptions of both are presented below. It describes techniques 
used to characterize electrode materials as well as equipment used for electrical 
stimulation of mono- and co-cultures and electrophysiological recordings. This 
chapter also explains the method used to identify and quantify neuromuscular 
junctions (NMJs). 
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 Nerve and muscle cell culture  2.2.2
 
 Motor neuron cells (NSC-34) 2.2.2.1
NSC-34 cells (kindly donated by Dr Justin Yerbury, University of Wollongong) are a 
hybrid cell line created by combining mouse motor neuron embryonic spinal cord 
and neuroblastoma cells [261, 262]. These cell cultures typically contain small and 
large cells, where the small cells are undifferentiated cells that can undergo cell 
division, while the larger cells are differentiated cells with long axons (Figure 2-2). 
 
 
Figure 2-2. NSC-34 cell culture. A) Bright field images of NSC-34 cells. Scale bar represent 
200 µm. B) Overlay fluorescence image of NSC-34 (motor neuron) cells stained for β-III 
tubulin (green), DAPI (blue) and neurofilament (red), and motor neuron marker HB9 
(purple). Scale bar represent 50 µm. 
 
NSC-34 cells express many properties of motor neurons, including acetylcholine 
synthesis and expression of the proteins neurofilament and choline acetyltransferase, 
while they are also able to transmit action potentials and induce myotube twitching in 
co-cultures [263-266]. More importantly they express motor neuron specific marker 
HB9 which is known to be a transcription factor expressed selectively by motor 
neurons and indicates proper motor neuron development [267]. 
 
Cells were cultured in a proliferation medium consisting of a 50/50 mixture of 
DMEM and F-12 medium (Life Technologies), DMEM/F-12, supplemented with 
10% (v/v) fetal bovine serum (FBS, Invitrogen supplied by Life Technologies) and 
1% (v/v) penicillin/streptomycin (P/S, Life Technologies). The cells were maintained 
at 37 °C in a humidified 5% CO2 environment. For differentiation experiments, cells 
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were seeded directly onto laminin coated materials at 5,000 cells/cm2 using 
differentiation medium containing DMEM/F12, 3% (v/v) FBS and 1% (v/v) P/S, 
where the cells were maintained for 5 to 7 days.  
 
 Skeletal muscle cells 2.2.2.2
The skeletal muscle cells (kindly donated by Prof. Robert Kapsa, St Vincent’s 
Hospital, Melbourne, Australia) used in this research were derived from primary 
myoblast cells (genetically modified mouse C57BL10J-SVHMβGal mice whose cells 
express the β-Galactosidase (βGal) reporter transgene). The cells were maintained in 
a proliferation medium containing Ham’s F-10 medium (Sigma), supplemented with 
2.5 ng/mL bFGF (Peprotech), 20% (v/v) FBS, and 1% (v/v) P/S. The cells were 
seeded onto laminin coated glass coverslips at a density of 30,000 cells/cm2 and 
maintained at 37 °C in a humidified 5% CO2 environment. After cell attachment (24 
h), the proliferation medium was replaced with differentiation medium containing 
DMEM, 2% (v/v) horse serum (HS) and 1% (v/v) P/S and cells were maintained for 
5 days.  
 
 Neuron-muscle co-culture development 2.2.3
Co-cultures of dissociated spinal cord neurons and muscle cells have been widely 
used to model neuromuscular junctions (NMJ) in vitro [268-270]. This approach has 
revealed important interactions between motor neurons and muscle cells. To this end, 
a model using skeletal muscle cells in conjunction with the motor neuron (NSC-34) 
cell line was developed. 
 
Prior to co-culture, both primary myoblast and NSC-34 cells were exposed to two 
different cell differentiation culture media in addition to the standard media for each 
cell type in order to determine the most appropriate media for co-culture 
maintenance. Primary myoblast cells were exposed to NSC-34 cell differentiation 
media (1:1 DMEM/F12 media, supplemented with 3% (v/v) FBS, and 1% (v/v) P/S) 
their own differentiation media (DMEM supplemented with 2% (v/v) horse serum 
(HS), and 1% (v/v) P/S), as well as to media containing a 1:1 mixture of the two. The 
same approach was used with NSC-34 cells, which were differentiated using their 
own media (as above), primary myoblast cell differentiation media and 1:1 mixture 
of primary myoblast and NSC-34 cell differentiation media.  
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For co-culture experiments, after optimization of differentiation media for the 2 cell 
types, primary myoblast cells were seeded at 30,000 cells/cm2 and allowed to 
differentiate for 3 days using a medium consisting of 1:1 DMEM/ F12, supplemented 
with 3% (v/v) FBS, and 1% (v/v) P/S. After 3 days NSC-34 cells were added to the 
differentiated muscle cultures at 5,000 cells/cm2 and maintained in the same 
differentiation media for 4 days at 37 °C in a humidified 5% CO2 environment. At 
the end of the 4 days (7 days in total) co-cultures were electrically stimulated using 
parameters described in section 2.2.11 and 2.2.12 of this chapter. For mono-cultures 
(primary myoblast or NSC-34) cells were seeded at 30,000 or 5,000 cells/cm2 
respectively, also maintained and electrically stimulated as for co-cultures. 
 
 Scanning electron microscopy (SEM) of co-cultures 2.2.4
Cells were fixed at room temperature using 3.7% paraformaldehyde (PFA) solution 
in PBS for 10 min followed by dehydration using an ethanol (EtOH) series consisting 
of 30% (v/v), 50% (v/v) and 70% (v/v) EtOH for 10 min each, followed by 85% 
(v/v), 95% (v/v) EtOH 20 min and 2 x 100% (v/v) EtOH for 20 min each and finally 
2 x 100% (v/v) acetone for 20 min. After dehydration, samples were exposed to a 
critical point drying process using a Leica EM CPD030 instrument, and then gold 
coated using an Edwards sputter coater (15 nm layer). Samples were kept in a 
desiccation cabinet until images were obtained. For images of PPy/DBS or gold-
coated mylar films (without cells), samples were exposed to a dehydration and 
critical point drying process as above. SEM studies of the samples were carried out 
using the JSM-7500 Scanning Electron Microscope installed at the Electron 
Microscopy Centre (EMC, University of Wollongong). Images were obtained using 
5kV accelerating voltage in the secondary electron imaging mode at a working 
distance appropriated to the material in used. SEM images were taken by Tony 
Romeo, Azadeh Mirabedini and Nicolas Martino. 
 
 NMJ functional analysis  2.2.5
To confirm the functionality of mono-cultures (muscle and nerve) and co-cultures, 
calcium transients in cells were visualized using confocal microscopy before and 
after chemical stimulation (neuronal activation) [242, 243]. Cells were incubated for 
20 min at 37 °C in a 2 µM solution of Fluo 4-AM (Life Technologies), then cells 
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were rinsed and mounted onto a Leica TSC SP5 II confocal microscope, under 
controlled temperature (37 °C) and CO2 conditions (5%). Cells were immediately 
transferred into an artificial extracellular solution reported in [244] and consisting of 
137 mM NaCl, 1.3 mM CaCl2, 5.4 mM KCl, 0.44 mM KH2PO4, 0.5 mM MgCl2, 0.4 
mM MgSO4, 0.3 mM NaHPO4, 4 mM NaHCO3, 5.6 mM D-glucose, 10 mM HEPES 
and 0.02 mM EDTA at 7.4 pH prior to chemical stimulation. Primary myoblast cells 
were stimulated using high (70 mM) potassium by increasing the KCl concentration 
from 5.4 to 75.4 mM and decreasing the NaCl concentration from 137 mM to 67 mM 
to maintain ionic strength. In addition, both NSC-34 cells and the co-cultures were 
chemically stimulated with a final concentration of 1.5 mM glutamic acid (Sigma) 
[237]. As cells were loaded with Fluo-4 AM, each response to chemical stimulation 
(glutamic acid or potassium) generated a change in green fluorescence which was 
analyzed from time-lapse images, at specified individual regions of interest (ROI) in 
the image by creating circular masks just large enough to cover the cell. This was 
achieved using the regions of interest (ROIs) tool of LAS AF version 2.6.0 software 
(Leica) and was analyzed in three independent experiments. 
 
 Preparation of polymer films 2.2.6
The polymer films used for the electrical stimulation experiments (polypyrrole doped 
with dodecylbenzenesulfonate (DBS)) were prepared as follows; Pyrrole (Py) 
monomer (Sigma) was distilled before use. Aqueous solutions (0.2 M) of DBS, 
(Sigma) were prepared by dissolving in Milli-Q water. The monomer solution was 
made by mixing 1.36 mL of the distilled Py with 100 mL of the DBS solution to give 
a final pyrrole concentration of 0.05 M. PPy films were polymerized 
galvanostatically using a standard electrochemical cell with gold-coated Mylar as the 
working electrode, a platinum mesh counter electrode (CE), and Ag/AgCl reference 
electrode (Figure 2-3). The equipment used was supplied by eDAQ (EA161 
potentiostat). The polymer growth was performed by applying a 0.1 mA/cm2 current 
density for 10 min. After polymerization, the films were properly rinsed with Milli-Q 
water, followed by drying using gas (N2), and finally stored under dry conditions 
until use. 
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Figure 2-3. Three-electrode electrochemical cell for galvanostatic deposition of polypyrrole 
on a gold-coated mylar electrode, with resulting PPy/DBS-coated electrode.  
 
After polymerisation, reservoirs were attached to the resultant PPy/DBS-coated 
electrodes as explained in section 2.2.10 (electrode preparation). Final assembly is 
showed in Figure 2-4.  
 
 Characterization of polymer films using AFM and SEM 2.2.7
AFM images were taken using a JPK NanoWizard II BioAFM (JPK, Germany) with 
samples submerged in phosphate buffered saline (PBS) solution. Images were taken 
using a silicon nitride cantilever with a spring constant of 0.42 Nm−1 in AC mode. 
Scans of 10, 5 and 1 µm2 areas were taken at 0.5–1 Hz rate with sampling sizes of 
512 x 512 pixels. The root mean square (RMS) roughness (Rq) and the average 
roughness (Rave) values were obtained using JPK image processing software. For 
images of PPy/DBS gold-coated mylar or gold-coated mylar films (without cells). 
SEM studies of the samples were carried out using the JSM-7500 Scanning Electron 
Microscope installed at the Electron Microscopy Centre (EMC, University of 
Wollongong). Images were obtained using secondary electron imaging mode at 5kV 
accelerating voltage with working distance appropriated to the material in use. 
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In order to maintain consistency across the samples irrespective of whether or not 
they were seeded with cells, all surfaces were subject to a dehydration process prior 
to ether SEM or AFM imaging. 
 
 Impedance measurements of the polymer films and electrodes 2.2.8
The measurements were taken and impedance calculated using electrochemical 
impedance spectroscopy (EIS). The experiments were performed in PBS (pH 7.2) at 
room temperature using a three electrode cell comprising gold-coated mylar or 
PPy/DBS gold-coated mylar as the working electrode, platinum mesh as the counter 
electrode and a Ag/AgCl (3.0 M NaCl) reference electrode. Three samples of each 
material type were measured (n=3) using a CHI EIS system (Model 600 D, CH 
instruments, Inc) connected to CHI EIS software version 16.02.  
 
Materials and electrodes used for the impedance experiments were treated in the 
same way as for the ES experiments involving cells. The impedance spectra were 
obtained over the frequency range 0.01 Hz to 100 kHz with AC amplitudes of ± 10 
mV and ± 50 mV versus the reference electrode. This value was chosen as it has 
been reported to avoid the redox activity region of the polymer [129, 271]. 
 
 COMSOL modelling 2.2.9
COMSOL Multiphysics (version 5.0, Electric Currents Interface) was used to 
simulate the current flow within the cell stimulation module in order to assess the 
uniformity of current density on the working electrode (fraction deviation from 
average current density, mA/cm2) illustrating the expected distribution between the 
two electrode surfaces. 
 
 Electrode preparation 2.2.10
The electrical stimulation in these experiments was performed using a two electrode 
set up. This setup consisted of two electrodes in parallel as shown in Figure 2-4. The 
gold-coated mylar with or without PPy coating was used as the working electrode 
and a platinum mesh (GoodFellow Limited, Cambridge) electrode in the lid of the 4 
well chamber slides was used as the auxiliary electrode. The working electrode films 
were laser cut into rectangles of 6 cm by 7 cm and then cleaned with isopropanol. 
The gold-coated mylar films were dried and 4-well culture chambers (Lab TekRII, 
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Thermo Fisher Scientific) were sealed to them using a clear silicone glue (Permatex), 
generating four individual wells of 1.8 cm2 each. The glue was allowed to cure 
overnight. The next day the samples underwent a sterilisation process consisting of 
rinsing and soaking with 70% (w/v) ethanol (Chem-Supply) for a minimum of four 
hours, in a sterile environment in a biosafety cabinet class II (BSC II). The 70% 
(w/v) ethanol was removed, the samples were allowed to dry, followed by one 
overnight soak at 4 °C in Dulbecco’s Modified Eagle’s Medium (DMEM, Life 
Technologies)) to remove any possible chemical residues. The next day the culture 
medium was removed and laminin (Life Technologies, 20 µg/mL) coating was done 
overnight on three out the four wells of each chamber slide. Laminin was removed 
and allowed to dry prior to cell seeding. 
 
The auxiliary electrodes were made using 3D printing fabrication process (printed by 
Dr. Stephen Beirne and Fletcher Thompson). This fabrication allowed us to print lids 
to fit perfectly onto the four well reservoirs, then pieces of platinum mesh 2.5 cm x 
0.5 cm were placed in position on the inside surface of the lids. One side of the 
platinum mesh was welded to a cable and the other side was glued to the lid as 
observed in Figure 2-4. 
 
 
Figure 2-4. Electrical stimulation electrode assembly. A, B) Working electrode (gold mylar) 
and auxiliary electrode (platinum mesh) and 4 well media reservoir. C) Fully assembled two 
electrode set up.  
 
 Electrical stimulation equipment  2.2.11
The electrical stimulation instrumentation used in this work consisted of the Digital 
DS8000 Stimulator equipped with A365 isolator units (World Precision 
Instruments), interfaced with an e-corder system (eDAQ), fully assembled parallel 
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electrodes and cell culture incubators as shown in Figure 2-5. In this set up, the 
Digital stimulator generates the signal (as a pulsed voltage train, in this case), and the 
signal is converted from voltage to an output current by the A365 isolator unit. The 
resulting potential generated between the electrodes is monitored using the e-corder 
system, which is connected to Chart software (EDAQ), allowing the visualization of 
the generated voltage. 
 
Figure 2-5. Schematic representation of the components used for electrical stimulation of 
cells. 
 
 Parameters for electrical stimulation 2.2.12
Based on the literature [259, 272], cells were stimulated using ±1 mA/cm2 and a 
biphasic waveform of 100 µs pulses with 20 µs interphase gap. The frequency, 
amplitude and duration of stimulation were optimised. A schematic representation of 
the stimulation waveform is shown in Figure 2-6.  
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Figure 2-6. Example of waveform applied to co-cultures and mono-cultures. Biphasic 
waveform of 100 µs pulses with 20 µs interphase gap. The overall frequency was 250 Hz. 
 
 Fixation and Immunocytochemistry 2.2.13
The NSC-34 cells were fixed with 3.7% (w/v) paraformaldehyde (PFA) for 10 min, 
followed by permeabilization and blocking with 0.3% (v/v) Triton-X-100 in 
phosphate-buffered saline (PBS) with 10% (v/v) donkey serum (DS) for 1 h at room 
temperature. Cells were washed for 5 mins, three times in 0.1% (v/v) Tween 20 in 
PBS. This was followed by primary antibody incubation in 10% DS in PBS. Primary 
antibodies were mouse anti-neurofilament (1:1000, Millipore) and chicken anti-beta-
III-tubulin (1:1000, Millipore), rabbit anti-synaptophysin (1:500, Millipore) and sheep 
anti-HB9 (1:200, Abcam). After an overnight incubation in the primary antibody at 4 
°C, 3 washes with 0.1% (v/v) Tween 20 in PBS (5 min each) were performed, then 
secondary antibodies Alexa Fluor 488 conjugated donkey anti-chicken, Alexa Fluor 
555 conjugated donkey anti-mouse, Alexa Fluor 594 conjugated donkey anti-rabbit 
and Alexa Fluor 647-conjugated donkey anti-sheep (ThermoFisher Scientific)) were 
added at 1:1000 dilution in PBS with 10% (v/v) DS. After a 1 h incubation, 1 µg/mL 
of 4′, 6-diamidino-2-phenylindole (DAPI) in PBS (Molecular probes) staining was 
performed for 10 min. Finally, the cells were washed three times in PBS and 
mounted on cover slips using Prolong Gold Antifade Reagent (ThermoFisher 
Scientific) for imaging using a Leica TSC SP5 II confocal microscope. 
 
For co-cultures (Figure 2-7), cells were fixed, permeabilized, blocked and washed 
using methods described above. Primary antibodies used were mouse anti-desmin 
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(1:100, Novocastra) and chicken anti-beta-III-tubulin (1:1000, Millipore). After an 
overnight incubation of the primary antibody at 4 °C, 3 washes with PBS (5 min 
each) were performed, then secondary antibodies at 1:1000 dilution (Alexa Fluor 488 
conjugated donkey anti-chicken (ThermoFisher Scientific), Alexa Fluor 594-
conjugated goat anti-mouse (ThermoFisher Scientific), and alpha–bungarotoxin 
Alexa Fluor 647 conjugate (1:500, Life Technologies) were added in PBS with 10% 
DS. After 1 h incubation with secondary antibodies, cells were rinsed once with PBS 
and then incubated in 1 µg/mL DAPI in PBS solution for a further 15 minutes. Final 
preparation was performed as stated above. 
 
 
Figure 2-7. Development of neuron-muscle co-culture. A) Side-by-side comparison of four 
fluorescence channels and (B) overlay of all four. Cell nuclei stained with DAPI (blue), 
NSC-34 (motor neurons) immunostained for β-III tubulin (green, top right), skeletal muscle 
immunostained for desmin (red, bottom left) and Ach receptor stained with alpha-
bungarotoxin (purple, bottom right). B) Overlay image of the 4 channels. Arrows indicate 
the NMJs. Scale bars represent 30 µm. 
 
 Microscopy 2.2.14
After the immunostaining process was completed, images were taken with a confocal 
microscope Leica TSC SP5 II with LAS AF software (version 2.6.0). Images were 
taken in 1024 x 1024 format with 100 Hz speed. 
 
The sequential scanning option was employed to capture the images in 2D. It was 
used in accordance with the manufacturer’s recommendations to avoid crosstalk 
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(also known bleed through), especially from DAPI as it is well known for having a 
broad emission spectrum which can potentially interfere with other signals and affect 
results. The sequential mode has three options, between lines, between frames and 
between stacks. The between frame option was selected because it allows for a set of 
lasers to complete one sequence, before a second set of lasers complete the 
subsequent sequence. 
 
 Quantification of acetylcholine receptor (AChR) clusters 2.2.15
NMJ functionality is highly correlated to its morphological structure, making 
morphological observations essential for the understanding of NMJ physiology 
[273]. Fluorescence microscopy has functioned as a reliable tool to observe NMJ 
morphologies. To this end the NMJ identification and quantification was performed 
using fluorescence microscopy, followed by MetaMorph software V 7.8 (Coherent 
Scientific) image processing as shown in Figure 3-10. The program was adapted to 
measure AChR clusters as follows: confocal image files were transferred to ImageJ 
software [274] and converted into 16 bit images prior to analysis using MetaMorph 
software. The 16 bit images were calibrated (pixel to µm), then the application 
“nuclei count” was opened, a measurement of the grey levels was done, using 
measurement and line scan, then the minimum and maximum fluorescence values of 
the receptors were measured. A segmentation window was opened (Figure 2-8) 
displaying the identified receptors and the overlay was displayed, as well as a results 
table with the number of receptors identified. Finally, data was transfer to Excel for 




Figure 2-8. Steps for acetylcholine receptors (AChR) receptor identification using 
Metamorph software. 
 
 Western blotting  2.2.16
The increase in the protein-level expression of rapsyn and Synapsin I in the post-
synaptic (primary myoblast) as well as the pre-synaptic (nerve-associated) side of the 
NMJ were monitored. The effect of electrical stimulation on the expression levels of 
both of these proteins was assessed by cell lysis and protein isolation in NET buffer 
(20 mM Tris, 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100), with subsequent 
protein quantitation using the Pierce BCA assay (Sigma-Aldrich). The SDS-PAGE 
electrophoresis and Western blotting was performed by loading 20 µg of total protein 
onto a Mini-Protean pre-cast 12% gel (Bio-Rad) and subjecting to SDS-PAGE, 
followed by semi-dry transfer to nitrocellulose membranes. After blocking in 5% 
(BSA (Sigma) in Tris-buffered saline/0.05% Tween-20 (TBST), blots were probed 
with rabbit anti-rapsyn (1:500) or anti-Synapsin I (1:500) antibodies (Abcam) 
overnight at 4 °C in 3% BSA/TBST, washed in TBST containing 0.1% Tween-20, 
then incubated for 1 h at room temperature in HRP-conjugated anti-rabbit (1: 3000) 
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secondary antibodies in 3% BSA/TBST. The loading control beta-actin (1:5000, 
Abcam) was used to normalize protein loading between wells, after assessing the 
linear range for ECL detection of each protein. ECL detection using Bio-Rad Clarity 
ECL reagent and the Bio-Rad Chemidoc system was followed by analysis of band 
intensities using ImageLab software (Bio-Rad). The expression levels of the target 
proteins rapsyn and Synapsin I were compared in 3 independent experiments for 
muscle mono-cultures and co-cultures, and for 2 independent experiments in the case 
of nerve mono-cultures. 
 
 Statistical analysis  2.2.17
The measurement of AChR clusters was performed on three independent 
experiments. For co-cultures, 20 images were taken from each of three independent 
experiments with a total of 60 images. On the other hand, for mono-cultures a total of 
40 images from three independent experiments were taken. The statistical analysis 
for each parameter tested (frequency, amplitude, time and material) was assessed 
using one-way analysis of variance (ANOVA, IBM SPSS Statistics, version 21). 
Whenever homogeneity of variance (Levene’s test > 0.05) was validated, Bonferroni 
post-hoc tests were used to assess the significance level of differences in numbers of 
AChR clusters. Where Levene’s test was not satisfied, additional post-hoc tests 
including Welch and Brown-Forsythe tests were used to confirm that heterogeneity 
of variances did not affect the statistical significance of observed differences in these 
large datasets. Statistical significance was set at p< 0.01. 
 
2.3 Results  
 
 Cell culture densities and media optimization  2.3.1
Co-culture of dissociated motor neurons and muscle cells is a well-accepted in vitro 
model for the study of neuromuscular junctions (NMJs) [268-270]. This approach 
has revealed important interactions between motor neurons and muscle cells. To this 
end, a homologous model has been developed using murine primary myoblast cells 
in conjunction with the murine motor neuron (NSC-34) cell line (Figure 2-9). This 
model was created by first optimizing co-culture cell seeding densities for motor 
neurons and muscle cells. Secondly, by co-culture media optimisation since the 
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standard differentiation media for the two cell types (muscle–nerves) is different 
(Figure 2-10). This characterization included immunostaining, where NSC-34 cells 
were positive for neurofilament and the motor neuron specific marker HB9 as well as 
for βIII-tubulin (Figure 2-11). The skeletal myoblasts were positive for desmin which 
is a muscle-specific protein, an essential subunit of the intermediate filament in 
smooth, cardiac and skeletal muscle [275-277]. Substantial contact between the 
axons of the motor neurons and the muscle cells was observed after 3 days in co-
culture (7 days total culture) as indicated by the staining of neurofilament and AChR 
clusters (alpha-bungarotoxin, Figure 2-17). Furthermore, scanning electron 
micrographs show the morphologies of nerve and muscle cells as well as the detailed 
contact between motor neuron and muscle cells in Figure 2-18. 
In the next sections, each cell characterization is described in more detail. 
 
 NSC-34 cell line  2.3.1.1
The motor neuron cell line (NSC-34) was seeded at different densities to find the 
most appropriate density to observe cell differentiation. 30,000, 10,000 and 5,000 
cells/cm2 were tested in order to assess cell differentiation (Figure 2-9). NSC-34 cells 
were seeded in proliferation media (1:1 Dulbecco’s Modified Eagle’s Medium 
(DMEM) and F-12 media, supplemented with 10% (v/v) fetal bovine serum (FBS), 
and 1% (v/v) penicillin/streptomycin (P/S), then after 24 h media was changed to 
differentiation media (1:1 DMEM and F-12 media, supplemented with 3% (v/v) 
FBS, and 1% (v/v) P/S. It was observed that 30,000 and 10,000 cells/cm2 did not 
allow cell differentiation over 4 days of culture due to over confluence; however, at 
5,000 cells/cm2 cells differentiated and extended branches and processes as observed 
in Figure 2-9 C and at higher magnification in Figures 2-10 A and 2-11. These 
results are similar to those reported in the literature, that is NSC-34 cells have been 
reported to exist as two different cell populations (based on their morphologies), 
differentiated cells have long branching processes and undifferentiated cells have 
short neurites and almost no branches [263]. 
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Figure 2-9. NSC-34 cells culture after 6 days using different cell densities. A) 60,000 
cells/cm2. B) 10,000 cells/cm2. C) 5,000 cells/cm2. Only cells seeded at the lowest density 
showed differentiated morphology. Scale bars represent 200 µm. 
 
After determining the proper cell seeding density (5,000 cells/cm2), it was necessary 
to evaluate the most appropriate differentiation media for the co-cultures. In this case 
the NSC-34 cells were exposed to 3 different media including their own 
differentiation media (DMEM/F12 + 3% FBS + 1% P/S), primary myoblast 
differentiation media (DMEM + 2% horse serum (HS) and 1% P/S) and to a mixed 
media that consisted of 1:1 NSC-34: myoblast differentiation media (Figure 2-9). 
The results indicated that the primary myoblast cell media and the mixed media did 
not support the differentiation (minimum branching or processes were observed) of 
the NSC-34 cells when compared to their specific media, i.e. primary myoblast 
media and the mixed media did not allow branching or process development, as 
observed in Figure 2-10. Figure 2-10 B-C shows that minimal cell differentiation 
occurred using the primary myoblast media as well as the mixed media. On the other 
hand the NSC-34 cells cultured in their own differentiation media maintained the two 
cell populations reported for NSC-34 cells, as described above. 
 
 
Figure 2-10. β-III tubulin immunostaining of NSC-34 cells grown over 4 days (at 5,000 
cells/cm2) using different media. A) NSC-34 cells in their specific differentiation media. B) 
NSC-34 cells in primary myoblast differentiation media. C) NSC-34 cells in 1:1 primary 
myoblast: NSC-34 cell differentiation media. Scale bars represent 200 µm. 
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After establishing the optimal NSC-34 cell densities and media, investigations to 
determine the effect on expression of cell differentiation markers were undertaken. 
Using immunostaining, expression levels of the specific motor neuronal marker 
HB9, neurofilament, βIII-tubulin and synaptophysin were investigated. The results 
shown in Figure 2-11 indicated that NSC-34 cells were positive for HB9 motor 
neuron marker, as well as for neurofilament, β-III tubulin and synaptophysin when 
differentiated in the NSC-34 specific media which was subsequently used for co-
cultures and referred to as co-culture media later on in the chapter.  
 
 
Figure 2-11. Differentiated NSC-34 cell line characterization using immunostaining. 
Individual immunostaining and overlay images of stained NSC-34 (motor neuron) cells. 
NSC-34 cells stained for β-III tubulin (green) (A), synaptophysin (yellow) (B), DAPI (blue) 
(C), neurofilament (red) (D), and motor neuron marker HB9 (purple) (E). Overlay of the 5 
channels (F). Scale bars represent 30 µm. 
 
Using Ca2+ imaging it was demonstrated that NSC-34 cells retained functionality. 
NSC-34 cells were seeded in proliferation media, then after 24 h media was replaced 
with NSC-34 differentiation media (co-culture media). Differentiated NSC-34 cells 
were loaded with the Fluo 4-AM label (described in section 4.2.3), Ca2+ fluctuations 
were recorded in response to neuronal stimulation (glutamic acid) as previously 
reported [278, 279]. Figure 2-12 indicates two regions of interest (ROI) where 
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fluorescence intensity was increased as Ca2+ was flowing into the cells and 
interacting with the Fluo 4 marker after stimulation by glutamic acid. Chemical 
stimulation using glutamic acid was performed three times with more than 1 min gap 
between pulses, each stimulation caused an increase in fluorescent intensity as 
observed in Figure 2-12 C suggesting that NSC-34 cells were functional.  
 
 
Figure 2-12. Ca2+ imaging responses of the NSC-34 cells to stimulation using glutamic acid. 
A) Fluorescent images of the NSC-34 cells indicating the ROIs. B) Bright field images of the 
NSC-34 cells indicating the ROIs. C) Graph representing calcium transient responses caused 
by the glutamic acid, this is indicated by three ROIs on the fluorescence channel alongside 
the bright field image with two NSC-34 and one control trace (no cells). Red arrows indicate 
addition of glutamic acid. Scale bars represent 25 µm. 
 
 Primary myoblasts   2.3.1.2
Similar to NSC-34 cells, the primary myoblasts were exposed to different media. The 
density used for the primary skeletal muscle cell differentiation was previously 
reported as 30,000 cell/cm2 [280]. The primary myoblast cells were differentiated for 
5 days using the same media as for NSC-34 cell lines (NSC-34 differentiation media: 
DMEM/F12 + 3% FBS + 1% P/S), primary myoblast cell growth media consisting of 
DMEM + 2% horse serum (HS) and 1% P/S and to a mix media of 1:1 NSC-34: 
primary myoblast media. After phase contrast imaging and immunostaining (Figure 
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2-13), it was observed that primary myoblast differentiation into multinucleated 
myotubes occurred in all three different media.  
 
Figure 2-13. Primary myoblast cells seeded at 30,000 cell/cm2 after 6 days. A, D) Primary 
myoblast cells in standard differentiation media. B, E) Primary myoblast cells in 1:1 NSC-
34: primary myoblast differentiation media. C, F) Primary myoblast cells in NSC-34 cell’s 
differentiation media. A-C) phase contrast images and D-F) immunostaining of muscle cells 
using anti-desmin (red) in the respective differentiation media. Scale bars represent 200 µm. 
 
Additionally, Ca2+ imaging was used to further investigate if the media (NSC-34 
differentiation media, DMEM/F12 + 3% FBS + 1% P/S) had any negative effect on 
the muscle functionality. Figure 2-14 shows that this media did not affect the 
functionality nor its capability to induce differentiation. This was demonstrated by 
showing that muscle cells produced spontaneous fluctuations (twitching) shown in 
Figure 2-14C (graphs blue and green). Furthermore, it was shown that chemical 
stimulation with glutamic acid (red arrows in Figure 2-14C) did not affect their 
activity (did not stop functional muscles nor activate inactive muscles). By contrast, 
muscle cells responded to the stimulation of high concentrations of potassium (70 
mM, blue arrow) by showing fluctuations of Ca2+ in both active (blue and green ROI 
in Figure 2-14) and inactive muscles (orange ROI in Figure 2-14), suggesting proper 
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Figure 2-14. Ca2+ imaging responses of the primary myoblast mono-cultures to stimulation 
using glutamic acid and potassium. A) Fluorescence images of the muscle cells indicating 
the ROIs. B) Bright field images of the muscle cells indicating the ROIs. Scale bars represent 
30 µm. C) Graph representing calcium transient responses of active (twitching) muscle to 
either glutamic acid (no change) or high potassium. This is indicated by two ROIs containing 
active twitching muscle cells (blue and green traces) and one inactive muscle (no twitching, 
orange trace), as well as a control trace (no active cells, red trace). The traces correspond to 
cells indicated on the fluorescence and bright field images. Red arrows indicate addition of 
glutamic acid and the blue arrow indicates addition of potassium. The scale bars represent 25 
µm. 
 
This spontaneous myoblast activity created an ion current as the ion concentration 
between the inside and the outside of the cells changed, generating a “voltage”, 
which could be recorded by electrodes. Here, this activity was monitored using 
multi-electrode arrays (MEAs). In brief, muscle cells were seeded on multi-electrode 
array chips at 30,000 cell/cm2. Cells were allowed to differentiate for 4-5 days until 
spontaneous activity was observed. It is important to mention that cell density 
changed after the spontaneous activity was observed, as the contracting muscle cells 
detached from the MEAs, as show in Figure 2-15 B-C. Electrical activity was 
recorded on 3 electrodes (Figure 2-15 C), correlating with regions of strong cell 
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attachment (Figure 2-15 B, C). A typical recording from a high spike rate channel is 
shown in Figure 2-15 D where stimulated muscle cells responded to K+ stimulation 
(70 mM final concentration). It was observed that activity changed as the potassium 
was added. As the chemical stimulation was performed using high potassium, it was 
observed that the electrophysiological activity recorded on the three electrodes 
changed (Figure 2-15 D), the signal increased in frequency and amplitude, indicating 
that the signal detected was due to biological activity rather than non-specific noise. 
It is important to mention that these recordings were performed in a static 
environment and for short periods of time (no more than 10 min), due to the lack of 
CO2 control in this system.  
 
 
Figure 2-15. MEA recordings of spontaneous electrophysiological muscle activity. A-C) 
Bright field images of primary myoblast cells on MEAs, scale bars represent 200, 500 and 
200 µm respectively. D) Primary myoblast electrophysiological response to K+ stimulation. 
Arrows indicate the increase in number of recordings after K+ stimulation. 
 
 Co-cultures of NSC-34 and primary myoblasts (motor neurons – muscle) 2.3.2
The co-culture formation was demonstrated by immunostaining (Figure 2-16) as well 
as SEM imaging (Figure 2-17). The muscle cells differentiated to cover the entire 
 90  
electrode surface (1.8 cm2) with myotubes after 3 days, providing a confluent layer 
for the support of NSC-34 cells in co-cultures. The motor neurons were added and 
allowed to differentiate on top of the differentiated muscle cells for 4 days (total 7 
days). The motor neurons were capable of developing long processes on top of the 
muscle cells. The expected long processes of NSC-34 cells are shown in more detail 
in individual channels of the immunostaining (Figure 2-16) by βIII-tubulin staining 
(green). Also the differentiated muscles (fully covering the electrode area) are shown 
by desmin staining (red), alongside the identification of the AChRs clusters with 
alpha-bungarotoxin staining (purple). These results demonstrated the successful 
development of the co-cultures using NSC-34 cells and primary myoblasts. 
  
 
Figure 2-16. Development of co-cultures of nerve and muscle. Individual immunostains and 
overlay image of a co-culture of primary myoblast and NSC-34 (motor neuron) cells. A) 
Cells stained for DAPI (nuclear stain, blue), β-III tubulin (neural stain, green), desmin 
(muscle stain, red), and α-bungarotoxin (Ach receptor stain, purple). Scale bars indicate 30 
µm. B-C) Overlay images of co-cultures, neuromuscular junctions formed by NSC-34 cells 
interacting with muscle cells. Arrows suggests NMJs as β-III tubulin (neural stain, green) 
and α-bungarotoxin (ACh receptor, purple) overlap. Scale bars indicate 40 µm.  
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In addition, the co-cultures were analysed using SEM imaging. These results showed 
the morphology of muscle and nerve cells in co-culture (Figure 2-17) showing 
differentiated myotubes as well as the processes extended by the NSC-34 cells. 
Furthermore, the detailed contact between motor neurons and muscle cells is 
indicated by Figure 2-17 B-C.  
 
 
Figure 2-17. Development of co-cultures of nerve and muscle. A) Scanning electron 
microscopy (SEM) images showing morphology of muscle, nerves and AChR clusters in a 
co-culture environment. Scale bar indicates 1 µm. B-C) SEMs of a co-culture showing 
muscle and motor neuron cell interaction within a magnified region (C), scale bars indicate 
10 and 1 µm respectively. Arrows indicate primary myoblast cells and stars indicate NSC-34 
cells. 
 
 Western blotting  2.3.3
The expression and localization of a number of NMJ-associated proteins have been 
linked to the maturation of the NMJ. Western blotting has been previously reported 
as a semi-quantitative technique for monitoring increases in the protein-level 
expression of rapsyn, on the post-synaptic (myoblast) side of the NMJ, which is 
involved in post-synaptic differentiation including the clustering of AChR [281, 282] 
and as such is an indicator of increasing maturity of the NMJ. Increases in expression 
of the pre-synaptic (nerve-associated) protein Synapsin I, have also been associated 
with maturation of the NMJ [283]. The effect of electrical stimulation on the 
expression of these proteins in co-culture and also in nerve and muscle mono-
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cultures was investigated. Figure 2-18 shows an increase in the expression of rapsyn 
in both co-cultures and muscle mono-cultures relative to the expression of the 
loading control β-actin. On average the expression of rapsyn was enhanced 2 fold in 
co-cultures, and 1.25 fold in pure muscle cultures in response to ES, relative to the 
loading control β-actin (average from 3 independent experiments). The expression of 
Synapsin I in pre-synaptic nerve also increased in response to electrical stimulation 
(average 3.5 fold increase in expression in two independent experiments); however 
Synapsin I was only observed in pure nerve cultures. This can be explained by the 
low abundance of Synapsin I which renders detection of this protein in cell lysates 
from co-cultures problematic.  
 
 
Figure 2-18. Western blot data supported the increase in protein expression of rapsyn and 
Synapsin I with ES on PPy/DBS gold-coated mylar electrodes. A) Effect of ES on the 
expression of rapsyn and Synapsin I, in co-culture and also in nerve and muscle mono-
cultures. Western blots showing the increase in expression of B) Rapsyn in co-cultures and 
muscle mono-culture, and Synapsin I in nerve mono-culture with ES on PPy/DBS gold-
coated mylar electrodes. Error bars represent the standard error of the mean for three 
independent experiments (rapsyn) or two independent experiments (Synapsin I). 
 
 Analysis of functionality of NMJ by using Ca2+ imaging and MEAs 2.3.4
It has been reported that muscle cells do not respond to glutamic acid stimulation, 
however when co-cultured with nerve cells a nerve-activated muscle response was 
observed, indicating functional NMJ formation [284]. In accordance with reported 
data [285, 286] frequent muscle contractions were observed in the co-culture systems 
in the absence of any stimulus. To determine if neuromuscular interactions were 
present in the co-cultures, the motor neurons (NSC-34) were stimulated by adding 
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glutamic acid (1.5 mM), as observed in Figure 2-18. After approximately 10-15 sec 
of stimulation the muscle activity stopped and was reinstated after a further 70 sec 
(approximately), which is believed to be caused by dissipation of the glutamic acid in 
the flow cell. The experiments with the glutamic acid were repeated 4 times in 
independent co-cultures with the same result. This response suggests the presence of 
neuromuscular interaction in our co-culture set ups, rather than a direct effect of 
glutamic acid on muscle twitching, since glutamic acid does not affect muscle fibres 
as previously reported [284].  
 
It has been reported that muscle cells do not respond to glutamic acid stimulation, 
however when co-cultured with nerve cells a nerve-activated muscle response is 
observed, indicating functional NMJ formation [284]. As previously shown (Figure 
2-14), NSC-34 cells responded to glutamic acid, in contrast to primary myoblasts 
which did not change their activity whenever exposed to glutamic acid. In 
accordance with reported data [285, 286] frequent muscle contractions in the co-
culture systems were observed in the absence of any stimulus. To determine if 
neuromuscular interactions were present in the co-cultures, motor neurons (NSC-34 
cells) were stimulated by adding glutamic acid (1.5 mM), as observed in Figure 2-19. 
Active muscles (twitching) were detected within the co-culture, then glutamic acid 
was added to the culture. After approximately 10-15 sec of the glutamic acid 
stimulation the muscle activity stopped and then recommenced after a further 70 sec 
(approximately), again believed to be caused by dissipation of the glutamic acid from 
the flow cell. The experiments with glutamic acid were repeated 4 times in 
independent co-cultures with the same result. The responses suggested the presence 
of neuromuscular interaction in our co-culture set ups, rather than a direct effect of 
glutamic acid on muscle twitching, since glutamic acid does not directly affect 
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Figure 2-19. Ca2+ imaging responses of co-cultures to stimulation using glutamic acid. A) 
Fluorescence images of the co-cultures (muscle–nerve) indicating the ROIs. B) Bright field 
images of the co-cultures indicating the ROIs. C) The graph represents calcium transient 
responses of active muscle (twitching) in co-cultures to glutamic acid. This is indicated by 
three ROIs containing two active muscle cells (twitching) and one control trace (no active 
cells) on the fluorescent channel alongside bright field image. Arrows indicate the addition 
of glutamic acid. Scale bars represent 25 µm. 
 
In the next section, electrode material characterization is described. Evaluation and 
characterization of biomaterials is an essential aspect of understanding cell 
behaviour, since the quality of cell attachment to materials will determine the 
capacity of cells to proliferate and to differentiate [287, 288].  
 
 Characterization of polymer films using AFM and SEM 2.3.5
The surface topography of the films at the micro- and nanoscales was characterised 
using SEM and AFM techniques (Figures 2-20-21) as previously reported [286]. At 
the nanoscale AFM images showed typical nodular features of PPy with an average 
Ra of 3.12 ± 0.2 nm and a root mean square (Rq) value of 4.26 ± 0.3 nm, consistent 
with values previously reported [76]. For the gold-coated mylar substrate the Ra was 
0.889 ± 0.02 nm and Rq 1.167 ± 0.2 nm. The results indicated that PPy/DBS gold-
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coated mylar is approximately 3.5 times rougher than gold-coated mylar substrate. 
AFM measurements done by Hongrui Zhang, University of Wollongong. 
 
 
Figure 2-20. Materials characterization at the nanoscale. A-C) Atomic force microscopy 
(AFM) topographic images of the gold-coated mylar films (Rq value of 1.17 nm) at 10, 5 
and 1 square area respectively. D-F) AFM topographic images of the PPy/DBS gold-coated 
mylar films (Rq value of 4.26 nm) at 10, 5 and 1 square areas respectively. 
 
At the microscale level SEM images (Figure 2-21) showed the surface of both the 
gold-coated mylar and PPy/DBS films. The PPy/DBS showed a uniform, smooth and 
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Figure 2-21. Material characterization at the microscale level. A) SEM image of the gold-
coated mylar film. B) SEM image of the PPy/DBS gold-coated mylar film. Images were 
taken using 5 kV with a secondary electron detector and working distance appropriate to 
each material. Scale bars indicate 10 µm. 
 
 Impedance measurements  2.3.6
The impedances of the gold-coated mylar and polymer coated films (Figure 2-22 A) 
were calculated and compared in 3 independent experiments. Polymerization of 
Py/DBS reduced significantly the impedance of gold coated mylar at the lower 
frequencies tested, whereas at higher frequencies the reduction in impedance was 
less significant, as shown in Figure 2-22 C. This is in agreement with previous 
findings [129]. At our stimulation frequency (250 Hz) a small reduction from 134 Ω 
to 69 Ω was observed. Also, an example of the biphasic current waveform (green) 
used for electrical stimulation (Figure 2-22 B), overlaid with the output voltage 
obtained using electrode system (Figure 2-22 A) stimulating with and without 
(blue/red) cells using PPy/DBS gold-coated mylar. The stimulus waveform had an 
applied current of 1 mA/cm2, with a biphasic pulse of 100 µs pulses with 20 µs 
interphase open circuit and 3.78 ms short circuit phase at a frequency of 250 Hz. 
 
Overall, these results suggested that coating the gold mylar with a thin PPy/DBS film 
decreased the impedance. A previous study has shown that decreased impedance is 
critical to ensure efficient charge transfer from the electrode to the tissue [129]. 
Therefore, PPy/DBS coatings can be utilized as an advantage to improve tissue 
compliance and charge transfer efficiency in an electrical stimulation scenario. 
																										Gold mylar                                                 Gold mylar-PPy(DBS) 
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Figure 2-22. Electrical stimulation scheme for stimulating cultures of nerve, muscle and co-
cultures on electroactive PPy/DBS gold coated mylar. A) Photographs of the custom cell 
culture and stimulation module showing the platinum mesh (arrows) counter electrodes and 
cell culture chambers on gold coated mylar (left) and PPy/DBS gold coated mylar (right). B) 
An example of the biphasic current waveform (green), overlaid with the output voltage 
obtained in the two-electrode system stimulating with (blue) and without (red) cells using 
PPy/DBS gold coated mylar. The stimulus waveform had an applied current of 1 mA/cm2, 
with a biphasic pulse of 100 µs pulses with 20 µs interphase open circuit and 3.78 ms short 
circuit phase at a frequency of 250 Hz. C) Impedance spectra for gold coated mylar and 
PPy/DBS gold coated mylar films recorded in PBS (pH = 7.2) at +50.0 mV (vs Ag|AgCl) 
recorded between 0.01 Hz and 100 kHz. 
 
 COMSOL Modelling  2.3.7
Mathematical modelling and computer simulation methods have proved to be useful 
tools for understanding complex systems in many areas of science, engineering, 
business and government, making them a valuable supplementary tool for research 
today [290]. Here, the results of COMSOL modelling of the electrical stimulation 
systems are presented; COMSOL Multiphysics modelling software was used to 
 
 B 
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compare the commonly used electrical stimulation model [257] against the electrical 
stimulation model used in this thesis. The two systems are shown in Figure 2-23, one 
model consisting of a two electrode stimulation setup that has two non-isolated 
platinum electrodes, commonly utilised in reported electrical stimulation 
experiments. These electrodes are positioned on the opposite sides of a petri dish, 
part of the electrode is submerged into the cell culture media and the rest of the 
electrode is anchored outside the dish (Figure 2-23 A-B) [291]. The second model 
that was used in this thesis consists of two parallel electrodes, a working electrode 
(gold coated mylar) and a counter electrode (platinum mesh) shown in Figure 2-23 
C-D. The same electrical stimulation signal was applied to the two models using 
COMSOL computer modelling. 
 
 
Figure 2-23. Schematics of electrical stimulation set-ups. A-B) Set up consisting of two non-
isolated platinum electrodes positioned on opposite sides of a petri dish. Images obtained 
from [257]. C-D) Parallel two electrode model which consisted of a working electrode 
(PPy/BDS gold-coated mylar) and a counter electrode (platinum mesh). 
 
It was predicted that the parallel system set up would provide a more direct and 
evenly distributed stimulus across the entire cell population. This was demonstrated 
by COMSOL modelling (compare Figure 2-24) which shows a more uniform current 
density for this parallel set up compared to the commonly reported inserted 
electrodes which deliver an uneven stimulation, with higher stimulation to the cells 
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closer to the electrodes as indicated by the colour distribution in Figure 2-24 B-C. 
Note that the modelling assumes perfectly conducting electrodes and does not 
consider the effect of the cells themselves, which may affect the current distribution 
in practice.  
    
Figure 2-24. COMSOL modelling of the current density and electrical potential of the two 
different electrical stimulation set-ups. Current density (A) and electrical potential (B) of the 
two non-isolated platinum electrodes, positioned on opposite sides of a petri dish. Current 
density (C) and electrical potential (D) of the parallel two electrode model which consisted 
of a working electrode (gold coated mylar) and a counter electrode (platinum mesh). 
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  Optimizing electrical stimulation  2.3.8
Once the electrical devices and co-culture systems were characterized, the effect of 
the electrical stimulation on the AChR clustering was probed in a systematic way. 
The parameters tested included frequency, amplitude, duration of stimulation and 
electrode material. The initial stimulation parameters were based on previously 
described parameters that were beneficial for neuronal differentiation and guidance 
[259, 260], consisting of current pulses of 1 mA/cm2 with a biphasic waveform of 
100 µs pulses with 20 µs interphase open circuit and 3.78 ms short circuit phase, at a 
frequency of 250 Hz.  
 
 Effect of varying ES frequency on NMJ formation 2.3.9
Initially, the effect of frequency was probed by using different frequencies including 
250 Hz, 20 Hz and 0.5 Hz with a remaining parameters as above for 8 h. There was a 
statistically significant increase in the number AChR clusters using 250 Hz, ie. 
increased by 45% compared to the unstimulated control (NES), 32% compared to 20 
Hz and 38% compared to 0.5 Hz (Figure 2-25 A). One way ANOVA (F (3, 235) = 
30.5) and Bonferroni post hoc test determined that the groups differed significantly 
(p< 0.01). Although the ES at 20 and 0.5 Hz increased the number of AChR clusters 
compared to the unstimulated control by 10% and 6% respectively, the increase was 
not statistically significant.  Furthermore, the muscle mono-cultures showed a 
significant increase in the number of AChR clusters when stimulated at 250 Hz 
compared to unstimulated controls of either 20 Hz or 0.5 Hz. Bonferroni post hoc 
confirmed by Welch’s F (3, 85.3) = 85.6 and Brown-Forsythe F (3, 145.3)= 60.5 
with post hoc Games-Howell, both showed a statistically significant increase (p< 
0.01). On the other hand there was no effect observed when 20 Hz and 0.5 Hz 




Figure 2-25. Effect of electrical stimulation using different frequencies on the number of 
AChR clusters. Effect of ES on number of AChR clusters in co-cultures (A) and muscle cell 
monocultures (B). Each parameter was tested in three independent experiments (n=3) with 
60 and 40 total images for co-culture and muscle cells respectively, error bars represent the 
standard deviation. * indicates statistical significance, p≤ 0.01. 
 
 Effect of current amplitude on NMJ formation 2.3.10
Next, the frequency was kept constant at 250 Hz and three different current densities 
were tested: 1, 0.1 and 0.01 mA/cm2, using the same biphasic waveform (100 µs 
pulses with 20 µs interphase open circuit). It was observed that the combination of 
250 Hz and 1 mA/cm2 provided an increase in AChR clusters in co-cultures of 22%, 
25% and 43% compared to the unstimulated control group (NES), 0.1 mA/cm2 and 
0.01 mA/cm2 respectively (confirmed by Welch’s F (3, 131.5) = 30.1 and Brown-
Forsythe F (3, 214.9)= 34.6 test with post hoc Games-Howell, both showing 
significant difference (p< 0.01) (Figure 2-26 A). Furthermore, it was observed that 
when control (NES) was compared to 0.1 mA/cm2 a non-statistical reduction of 3% 
occurred, however when compared to 0.01 mA/cm2 a statistically significant 
reduction of 14 % occurred.  
 
The numbers of AChR clusters in muscle mono-cultures showed a statisically 
significant increase (14 %) when stimulated at 1 mA/ cm2 compared to unstimulated 
controls. On the other hand the 0.1 mA/cm2 and 0.01 mA/cm2 caused a decrease of 9 
% and 28 % respectively when compared to unstimulated controls. One way 
ANOVA (F (3, 161) = 41.83) and Bonferroni post hoc test determined that the 
groups differed significantly (p< 0.01) (Figure 2-26 B). Therefore the numbers of 
AChR clusters in co-cultures and muscle mono-cultures were only increased by the 
current density of 1.0 mA/cm2. 
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Figure 2-26. Effect of electrical stimulation using different current amplitudes on the 
number of AChR clusters. Effect of ES on number of AChR clusters in co-cultures (A) and 
muscle cell mono-cultures (B). Each parameter was tested in three independent experiments 
(n=3) with 60 and 40 total images for co-cultures and muscle cells respectively, error bars 
represent the standard deviation. * indicates statistical significance, p≤ 0.01. 
 
 Effect of duration of ES on NMJ formation 2.3.11
Subsequently, the duration of the ES was tested including 8, 4 and 2 h of stimulation 
using the optimized frequency and current density of 250 Hz and 1 mA/cm2 with 
same biphasic waveform as previously used (100 µs pulses with 20 µs interphase 
open circuit). It was found that ES for 8 h resulted in a statistically significant 
increase in the number of AChR clusters (Bonferroni post-hoc confirmed by Welch’s 
F (3, 90.53) = 79.15 and Brown-Forsythe F (3, 181.03) = 105.42 both with Games-
Howell post hoc p< 0.01), as indicated by the 43% increase over the control group 
(NES). Also, 8 h of stimulation resulted in a statistically significant increase when 
compared to 4 h and 2 h of stimulation duration. Furthermore, it was observed that 
ES using 4 h and 2 h had no significant effect when compared to controls (NES) 
(Figure 2-27 A).  
 
The muscle mono-cultures showed a statisically significant increase when compare 
to unstimulated controls for either 4 h or 2 h. The 8 h stimulation provided an 
increase of 19% whenever compare to NEC. On the other hand the 4 h and 2 h 
caused a decrease of 6 % and 11 % respectively when compared to unstimulated 
controls. Bonferroni post hoc confirmed by Welch’s F (3, 159) = 45.5 and Brown-
Forsythe F (3, 153.5) = 45 with post hoc Games-Howell, both showing statistically 
significant differences (p< 0.01) (Figure 2-27 B). These results suggest that there 
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Figure 2-27. Effect of duration of electrical stimulation on the number of AChR clusters. 
Effect of ES on number of AChR clusters in co-cultures (A) and muscle cell mono-cultures 
(B). Each parameter was tested in three independent experiments (n=3) with 60 and 40 total 
images for co-cultures and muscle cells respectively, error bars represent the standard 
deviation. * indicates statistical significance, p≤ 0.01. 
 
 Effect of substrate for ES  2.3.12
Subsequently, utilizing the optimized stimulation parameters the effect that different 
electrode materials have in delivering ES to cells was compared. In this case 
PPy/DBS was compared against gold-coated mylar. As expected from our previous 
results, a significant increase in AChR cluster numbers with ES on PPy/DBS 
compared to the unstimulated control (NES) on PPy/DBS was observed (Bonferroni 
confirmed with Games-Howell post hoc p< 0.01), however, when compared to ES 
applied through gold-coated mylar the difference was not statistically significant in 
co-cultures (Figure 2-28 A) indicating that ES enhanced the number of AChR 
clusters independently of the electrode material. Furthermore, a significant increase 
in the number of AChR clusters was observed when ES was performed on muscle 
mono-cultures (Figure 2-28 B), again independent of the electrode material. 
Bonferroni post hoc confirmed by Welch’s F (3, 84.7) = 23 and Brown-Forsythe F 
(3, 20.98) = 20.9 with post hoc Games-Howell, both showing significant difference 
(p< 0.01) (Figure 2-28 B). 
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Figure 2-28. Effect of different electrode materials on electrical stimulation. A) Effect of ES 
on number of AChR clusters of co-cultures using PPy/DBS compared to the gold-coated 
mylar substrate. B) Effect of ES on the number of AChR clusters in muscle mono-cultures 
on PPy/DBS compared to the gold-coated mylar substrate. Each parameter was tested in 
three independent experiments (n=3) with 60 and 40 total images for co-cultures and muscle 
cells respectively, error bars represent the standard deviation. * Indicates statistical 
significance of p≤ 0.01. 
 
 Effect of electrical stimulation on AChR morphology  2.3.13
NMJ functionality is highly correlated with its structure; therefore observations of 
morphology are essential for the understanding of NMJ physiology. AChR are 
known to cluster during the development of mature NMJs. Here, the ACh receptors 
in our co-cultures and primary myoblast mono-cultures controls were identified 
using SEM. The receptors showed typical oval plaques as previously reported [51, 




Figure 2-29. SEM characterization of AChRs in muscle mono-cultures and in co-cultures. 
A-B) SEM images of ACh receptors in muscle (mono-cultures). C-D) SEM images of 
AChRs in co-cultures. Arrows indicate the AChRs. Scale bars represent 1µm. 
 
It has been shown that the formation of receptors (AChR) clusters on muscle cells 
can be enhanced by applying DC electric fields [294]. Here, the effect of pulsed 
biphasic electrical stimulation on the AChR cluster sizes in co-cultures (Figure 2-30 
A-B) as well as in muscle mono-cultures (Figure 2-30 C-D) was investigated using 
confocal microscopy. Then, the cluster size was measured from the images using 
image processing software (MetaMorph). The results indicated that electrical 
stimulation, using the optimized parameters, affects the AChR cluster sizes in co-
cultures by increasing the average area of each cluster by up to 47% (Student’s t-test, 
p≤ 0.05) when compared to unstimulated controls. Similar effects were observed in 
the muscle mono-cultures (average area increase of 59%, Student’s t-test, p≤ 0.05) 
indicating the positive effect of ES on AChR cluster sizes. 
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Figure 2-30. Effect of electrical stimulation (ES) on AChR cluster size. Co-culture AChR 
clustering without ES (A) and with ES (B). Muscle mono-culture AChR clustering without 
ES (C) and with ES (D). E) Graphical representation of the effect of ES on AChR cluster 
sizes. Co-culture data was obtained from three independent experiments with 37 total images 
(n = 3), muscle cell data was obtained from three independent experiments with 24 total 
images (n= 3). Error bars represent the standard error of the mean. * indicates statistical 




2.4 Discussion  
 
In vitro co-culture models are a valuable method to investigate the interaction 
between nerve and muscle cells in isolated and controlled settings [295]. Here, it was 
demonstrated that a homologous in vitro co-culture system can be constructed by 
combining murine primary myoblasts and NCS-34 motor neurons. The co-culture 
system required an optimization process including cell densities and culture media 
since the two cells require different culture media in order to differentiate. 
 
The results indicated that both cells maintained their phenotype and functionality in 
mono-culture as well as in the co-cultures as demonstrated by the immunostaining 
and Ca2+ imaging. The immunostaining showed that nerve cells (NSC-34) were 
positive for β-III tubulin, synaptophysin, neurofilament and motor neuron marker 
HB9. The muscle cells were positive for desmin. Furthermore, the result from the 
Ca2+ imaging indicates that both nerve cells and muscle cells responded to chemical 
stimulation, either to glutamic acid (nerve cells) or high potassium (muscle cells) 
confirming their proper functionality. However, there were no studies performed to 
determine the specific type nor firing rates of the motor units formed in these co-
culture systems. The overall objective of this experimentation was to show an 
increase in the formation of AChR. The inherent firing rates and motor unit types are 
not directly relevant to this principal aim. The Ca2+ imaging functional studies that 
were completed were not intended to be definitive, but rather were intended to show 
the maturity of the motor units making them suitable for future NMJ formation. 
 
The materials characterization using AFM and SEM for both electrode materials 
(gold coated mylar and PPy/DBS gold coated mylar coated) showed that overall, 
those coating the gold mylar with a thin PPy/DBS film increased the roughness of 
the electrodes and decreased the impedance. Previous studies have shown that an 
increase in surface roughness has a positive effect on cell adhesion and growth [129, 
296] while decreasing the impedance enhances charge transfer from electrode to 
tissue [129]. Therefore the increased roughness and decreased impedance afforded 
by the PPy/DBS coatings can be utilized as an advantage to improve tissue 
compliance and efficiency in an electrical stimulation scenario. The impedance 
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measurements indicated that coating the gold-coated mylar films with PPy/DBS does 
not negatively affect the performance of the electrode, however it offers the 
possibility of improved material-cell interaction as it has been shown previously 
[129].  
 
Many in vitro and in vivo studies have been conducted using external ES to control 
cell characteristics [70, 297] indicating that ES has positive benefits in many areas 
such as wound-healing [70], bone growth [73], pain relief, muscle restoration [74, 
129], proliferation and differentiation of stem cells [76], as well as in nerve guidance 
and growth [77, 271]. In addition, it has recently been shown that the formation and 
architecture of NMJs can be influenced by ES in vitro [257] and in vivo [298, 299], 
however, most of these stimulations relied on direct current which has been shown to 
generate faradic reactions allowing charge leakage through the electrodes, and 
compromising the safety of cells and tissues [258]. Here a system was established 
that delivered ES to cells and tissues, avoiding charge leakage and delivering 
optimized parameters such as current amplitude, stimulus mode and pulse width, for 
safe and effective electrical stimulation. COMSOL modelling was used to compare 
one of the most common ES setups reported in the literature against the system used 
in this study. The result of the COMSOL modelling suggests that the electrode 
configuration developed for this study generated a more homogenous electrical field 
and current to the cells than the standard setup. For this modelling, the geometrical 
configuration only and not the materials used were considered. Furthermore, the 
modelling assumes perfectly conducting electrodes and does not consider the effect 
of the cells themselves, or the directionality of stimulation, which may affect the 
field distribution in practice, and more importantly, may affect cell development 
[300]. 
 
Here it was shown that AChR clusters were significantly increased, both in number 
and in size, by ES in our co-culture model. It has been reported that postsynaptic 
AChR formation at the NMJ synapse is regulated by innervation, muscle electrical 
activity and proteins including agrin and laminin [286]. In addition, it has been 
reported that different frequencies used for ES can influence different motor units. 
For example, motor units of type I (tonic) have a lower firing frequency response 
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than those of type II (phasic). Furthermore, these studies have reported that 
stimulating muscles using frequencies below 30 Hz activated type I motor units, on 
the other hand, whenever stimulating muscle using frequencies greater than 100 Hz, 
type II motor units were activated [301, 302]. Here, the results indicate that ES using 
250 Hz biphasic 100 µs pulses, at a current density of 1 mA/cm2 for 8 h increased the 
number of AChR clusters available for NMJ formation, suggesting that most of the 
fibers formed in our in vitro model are type II. In addition, the immunostaining data 
shows that an external stimulus such as ES can significantly enhance the AChR 
cluster sizes. Furthermore, the enhancement was retained when the stimulus was 
delivered through the conducting polymer, PPy/DBS, coated onto the gold mylar 
substrate.  
 
While this study showed no further enhancement with the use of PPy, taking into 
account the known versatility of the conducting polymer and our finding that it 
performed as well as gold demonstrates that further development of PPy as an 
alternative to traditional metal electrodes in this application is warranted. The 
PPy/DBS platform provides control over redox reactions at the electrode surface, due 
to polymer oxidation and reduction, avoiding the generation of unwanted 
electrochemical reaction products (such as change in pH, corrosion products and 
production of gases) typically observed at metal electrodes [69]. Additionally, the 
organic nature of this platform makes it an ideal surface to attach biomolecules such 
as agrin, laminin and/or encapsulate appropriate growth factors to enhance the 
therapeutic effect.  
 
It has been reported that expression of the postsynaptic protein rapsyn, an AChR-
associated protein, is essential for forming AChR clusters. The protein data indicates 
that ES using optimized parameters can enhance rapsyn protein expression level. 
Also, it demonstrates that the presynaptic protein Synapsin I (the expression of which 
has been correlated with maturation of neuromuscular synapses), increased in 
expression in nerve mono-cultures under the influence of the optimal ES parameters 
reported here, suggesting that ES may be utilized to enhance the maturation of the 
NMJ. 
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In conclusion, these results indicate that electrical stimulation using the appropriate 
parameters (250 Hz biphasic 100 µs pulses, at a current density of 1 mA/cm2 for 8 h) 
has the capability to increase the numbers and size of AChR clusters and therefore to 
enhance the development of NMJs.  
 
The conducting polymer PPy is a promising alternative to traditional metal electrodes 
in terms of avoiding electrolysis and corrosion. This electroactive material is readily 
modified to attach important biomolecules such as laminin [303, 304] and opens up 
opportunities for the release of growth factors such as NT3 and BDNF to the exact 
site of stimulation. It has been reported previously that release of these factors from 
conducting polymers via electrical stimulation provides an additional avenue to 
enhance the behavior of cultured cells [121, 122, 170, 260].  
 
The relevance of increasing the AChR number and cluster sizes relies on a recent 
view based on the myocentric model of synaptogenesis which states that muscles 
have a fundamental capacity to regulate NMJ formation independent of neural 
signaling [305-308]. It is believed that during early embryonic development AChRs 
develop on muscles before arrival of the neurites, making AChRs a critical 
component of the postsynaptic apparatus [305, 306, 308]. From a therapeutic point of 
view this opens up the possibility to further enhance NMJ formation artificially by 
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CHAPTER THREE  
 
3 Optimization of in vitro electrophysiological assays for 
cells in 2D and 3D environments.  
 
Author Statement: 
The majority of data was collected and analyzed by Rodrigo Lozano. However, the 
work in this chapter was achieved with the assistance of Dr. Robert Gorkin, on the 
development of the sieve-multi electrode array (sieve-MEA). Dr. Brianna C. 
Thompson assisted with all animal work related to this work, the development of the 
sieve-MEA as well as intellectual and input guidance throughout the entire 
experimentation. Professor Gunter Gross assisted on the electrophysiology and MEA 
work. Benjamin Johnson assisted with the micro-holes (micro-perforations) onto the 
flexible MEAs.  
 
Furthermore, this work would not have been possible without the intellectual support 
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3.1 Introduction  
 
3D in vitro models are becoming a regular cell culture technique [309]. The 
development of novel analytical methods and technologies to enable accurate 
investigation of these environments is essential [310, 311]. However, this presents 
new challenges in terms of integration of recording/stimulating devices, cells and 
the 3D scaffolds as the neuronal recordings decrease with the neuron-electrode 
distance [312]. One possibility to increase the understanding of the neuronal network 
dynamics as well as with co-culture (neurons and muscle cells) in 3D is the design 
and implementation of recording/stimulating electrodes embedded within the 3D 
cultures [313]. 
 
Currently, there are two well-accepted platforms utilized to measure 
electrophysiological cell activity: patch clamping (neurons) and multi electrode array 
also known as MEA [151]. Both techniques have advantages and disadvantages. 
The path clamping technique can be used to record intracellular signals from 
single neurons, however if the aim is to analyse neuronal networks, MEA offers 
the possibility to record extracellular signals from around every electrode 
(typically 64 electrodes) giving a better understanding of the complete 
communication [151]. 
 
Although these models have increased the understanding of the 
electrophysiological activity of brain cells such as memory, network plasticity and 
functional connectivity [151], such model systems have major limitations; they are 
restricted to exhibiting characteristics of 2D cell cultures which cannot replicate in 
vivo systems. As these neuronal cells in 2D are grown on planar substrates, the 
soma and growth cones are flattened, and the dendrites outgrowths are limited in 
direction [151].  
 
In an attempt to overcome some of these limitations, this chapter presents the 
attempted development of new 3D MEA platforms to record and stimulate cells in 
3D. The developed 3D in vitro model would be comprised of stackable, multi-
layered sieve-like MEAs that should allow neuronal recording from different layers 
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of cells in 3D. The MEAs would have microholes (5 µm in diameter) that would 
allow axons (not cell bodies) to cross through the electrode and connect to the next 
layer resulting in a decrease in electrode-neuron distance. The ideal system is shown 
in Figure 3-1. 
 
Figure 3-1. Novel sieve-MEA design to record electrical signals from cells encapsulated in 
3D within different cell layers. The sieve-MEA is designed for easy assembly with ports for 
fluids (media) and gel deposition. 
 
The first step before developing the sieve–MEA was to establish a reliable 2D 
protocol in order to obtain electrophysiological signals using planar (2D) MEAs. 
This protocol required the optimization of cell seeding as well as the modification of 
the surface of the MEAs. Surface modification is a process that changes significantly 
the surface chemical composition, charge, roughness, softness and hydrophobicity of 
materials using different methodologies [314]. Therefore, surface modification is of 
great importance and a key challenge for those who integrate biomaterials with living 
(cells) [314]. For example, hydrophobicity of materials has been shown to be a key 
element that governs cell response to materials as it is directly related to the rate of 
cell spreading and differentiation. This hydrophobicity can be obtained by measuring 
contact angle through water spread of a droplet on a surface. The lower the contact 
angle, the more hydrophilic the surface is [315]. To do so, plasma treatment was used 
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as this treatment would not affect or damage the electrodes on the MEAs, but would 
increase hydrophophilicity, resulting in improvements in cell adhesion and ultimately 
an increase in cell survival. 
 
With respect to cell seeding, it was necessary to determine the most appropriate cells 
for the recordings. Several aspects were considered. Firstly, the cells used for the 
NMJ work in Chapter 2 (NSC-34 cell line and skeletal muscle cells) could 
potentially be used for this purpose, however, the NSC-34 cells do not produce 
spontaneous electrophysiological signals and although it has been reported that they 
can produce such signals, external stimulation (biochemical) would need to be 
optimised. Secondly, although primary motor neurons are more suitable for NMJ 
formation; the protocol for dissection of these cells is expensive, complicated and 
produces a limited cell yield. For these reasons, it was decided to use primary 
cortical neurons, as these cells are spontaneously active and large numbers of cells 
can be obtained with a single isolation. This task was addressed in the first half of 
this chapter. 
 
MEAs are widely used for long term recording or stimulation of excitable tissue. In 
this thesis the MEA system was intended to be use as a tool to characterize the 
functionality of mono-cultures (muscle cells or nerve cells) as well as co-cultures 
(muscle –nerve cells). Two MEA systems, a commercial system (Plexon) and NIS 
system (designed by a Korean collaborator) were tested and compared. The two 
systems were directly compared to ensure that the NIS system could successfully 
record electrophysiological activities, as it is a system in development. Additionally, 
two different MEA systems were assessed to determine which hardware would have 
the potential to be modified in order to customize the 3D sieve-MEAs. The second 
half of the chapter describes the initial steps towards development of a custom sieve-
MEA chip. This model involves the use of planar (2D) flexible MEA chips in which 
micro-holes (micro-perforations) were drilled using lasers (Figure 3-2) to allow cells 
suspended in hydrogels to communicate between layers. Flexible MEAs were made 
of polycarbonate with gold electrodes insulated with parylene (produced by Plexon). 
Figure 3-2 shows a schematic representation of the basic design of the sieve-MEA. 
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Figure 3-2. First stage of development of sieve-MEAs using existing MEA chips, with 
perforations on flexible MEAs to be made using laser cutting. 
 
3.2 Methods and materials 
 
The fundamental aspects of cell culture techniques and operation of MEAs used for 
electrophysiological recordings using MEAs is described in the next sections. 
 
 Animals used for primary cultures 3.2.1
All animal work was approved and performed in accordance with the Animal Ethics 
Committee (AEC, #13/04), University of Wollongong. Primary cells were harvested 
from BALB/cArcAusb mouse (Australian BioResources, NSW) embryos at 15-18 
days of gestation (E15-E18). 
 
 Dissection and plating of cortical neurons 3.2.1.1
The pregnant mother was sacrificed in a sterile laminar flow cabinet by cervical 
dislocation and placed in a supine position. The lower abdomen was held with 
forceps and gently cut with scissors to penetrate through the skin. E15-E18 embryos 
were removed using forceps and placed into a petri dish containing warm Leibovitz's 
Electrodes 
Flexible MEA 
Electrode matrix  
 
Laser Perforations 





L-15 media (L-15, Life Technologies). The embryos were removed from their 
amniotic sacs, transferred to a second petri dish containing warm L-15 media, 
decapitated, and the heads placed in a third petri dish containing cold L-15 media. 
Under a dissecting microscope, the brain was exposed and separated from the skull 
as shown in Figure 3-3. One hemisphere was separated from the rest of the brain by 
placing forceps along the rostral and caudal edges of the mid-brain and squeezing 
them together. This procedure was repeated with the other hemisphere.  
 
The meninges of the brain hemispheres were removed by grasping the edge of the 
membrane on the mid-sagittal line and peeling it away laterally. The cortical tissue 
was collected into a 15 mL centrifuge tube containing 2 mL of L-15 media and then 




Figure 3-3. Steps involved in cortex isolation. A) Embryos removed from placenta. B) 
Decapitation of embryos. C) Exposure of the brain. Scale bar represents 5µm. 
 
The tube was removed from the incubator and 2 mL of FBS was added. The mixture 
was pipetted up and down gently approximately 10-15 times until the tissue was 
dissociated. A 70 µm cell strainer (Greiner Bio-One) was then used to remove large 
pieces of tissue. The dissociated tissue was centrifuged at 273 x g for 5 min and then 
supernatant was removed. 1 mL of Complete Neurobasal (Neurobasal media 
(Gibco), with 1% L-glutamine (Sigma), 2% B27 neural supplement (Gibco) and 1% 
P/S) was added to the cell pellet and cells were gently resuspended. 10 µL of the cell 
suspension was placed in a haemocytometer and the four-quadrant count averaged. 
The cell concentration was adjusted to between 150,000-250,000 cells/cm2. 100 µL 
of cell suspension was placed on each of the pre-treated surfaces which were then 
placed in a 5% CO2 incubator at 37 °C for 15 min to allow for improved cell 
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attachment. Finally 1 mL of fresh Complete Neurobasal media was added and then 
replaced into the incubator. The schematic of this process is show in Figure 3-4. 
 
 
Figure 3-4. Steps in the isolation of embryonic cortical neurons (E15-E18). Image modified 
from Center for Network Neuroscience at University of North Texas website. 
http://cnns.unt.edu/. 
 
 Dissection and plating of skeletal muscle cells  3.2.1.2
Following the above-described embryonic sacrifice method, decapitated bodies were 
placed in ice-cold L15 medium, the skin was removed and then the legs were 
removed with forceps as high up as possible, as shown in Figure 3-5. Removed legs 
were transferred to fresh cold L15 medium and thigh muscles separated from bone 
under a dissecting microscope, while as much connective tissue as possible was also 
removed (note that under the microscope bone appears grey, connective tissue 
appears clear, and muscle appears yellow/white and homogeneous). Thigh muscle 
was digested in a 15 mL tube containing 2 mL of fresh L15 medium and 60 µL of 
collagenase. After 60 min digestion at 37 °C in a humidified 5% CO2 environment, 2 
mL serum was added to inhibit collagenase activity. The tissue was triturated for 
approximately 5 min using a 1 mL micropipette. The 4 mL of media containing FBS 
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and cells were slowly transferred to new 15 mL tube containing 2 mL of 4% (w/v) 
bovine serum albumin (BSA, Sigma) in distilled water (dH2O). 
 
 
Figure 3-5. Steps involved in primary muscle isolation. A) Removal of skin. B) Removal of 
legs. C) Thigh muscle separation. 
 
The tube was centrifuged at 300 x g for 10 min at 4 °C. The resulting pellet was 
resuspended in 10 mL of DMEM/F12 + 10 % (v/v) FBS medium and then 
transferred to a sterile petri dish and incubated for 30 min at 37 °C in a humidified 
5% CO2 environment. The medium in the petri dish containing non-attached cells 
(i.e. myocytes) was removed and transferred to a 15 mL tube containing 2 mL of 4% 
(w/v) BSA. Cells were centrifuged at 300 x g for 10 min at 4 °C and the resulting 
pellet resuspended in 0.5-1 mL (depending on the amount of tissue) DMEM/F12 + 
10 % (v/v) FBS medium. Cells were counted and seeded at a density of 50,000 
cells/cm2. Media changes were performed every 3 days.  
 
Dissociated primary cortical neurons were cultured on the MEAs (flexible and glass) 
and cover slips as described in Section 3.2.2.1. Material surfaces (MEAs) used for 
cell culture were plasma treated before wells were coated with extracellular matrix 
(ECM) components laminin and collagen, as well as with synthetic peptides such as 
poly-D-lysine (PDL) or poly-L-lysine (PLL) in order to improve surface 
hydrophilicity. 
 
 Surface plasma treatments and coating 3.2.2
Facilitating cell attachment and growth onto materials is one of the most important 
factors in tissue engineering [316]. Under normal physiological conditions most cells 
attach to their surrounding ECM such as laminin, collagen and fibronectin, in order 




A                                           B                                             C 
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improve surfaces without affecting the bulk properties of the materials. In this work a 
plasma treatment was used, since this modification has been shown to improve the 
hydrophilicity of surfaces, thereby increasing the interactions between the surface 
and ECM/cells [317].  
 
Prior to plasma treatment the different surfaces (Multi Electrode Arrays -MEAs, 
cover slips etc.) were properly cleaned by rinsed MEAs overnight in TergazymeTM 
detergent (Alconox) followed by a 15 min rinse in DI water. Whenever MEAs had 
been used previously, 0.25% (v/v) trypsin (Life Technologies) was added to the 
MEA chambers for 10 min to remove any cellular debris attached to the surface from 
previous experiments, and then MEAs were rinsed with PBS then 70 % (w/v) ethanol 
and allowed to dry in a sterile BSC II. Clean MEAs were placed in sterile petri dishes 
and then placed into a plasma chamber (30W plasma, Hahns Low Pressure Plasma 
Shower) for 10 min without gas. After the 10 min, the MEAs/coverslips were 
transferred to a BSC II. 100 µL of 0.001 % (v/v) poly D-Lysine (PDL, Sigma) 
solution was added and samples were left overnight at 4 °C in the dark, since PDL is 
light-sensitive. The PDL was then removed and washed with 1 mL of sterile water, 3 
times for 5 min each. The materials were allowed to dry completely, then 200-500 
µL of 20 µg/mL laminin solution was pipetted on (the surface area was covered 
completely) and incubated at 37 °C for 3 h to allowed laminin to adhere to the 
surface before dissections in order to have a better cell attachment. MEAs were 
placed in a cell culture incubator at 37 °C in 5% CO2. Laminin was removed before 
the cells were seeded.  
 
3.3 Electrophysiological recording equipment 
 
Neurons are specialized cells with the capability of receiving and propagating 
electrical signals. It is through these electrical activities that neurons communicate 
with each other, with muscles and other organs. Therefore, the understanding of this 
electrophysiology phenomenon is fundamental for the neuroscience field. Over the 
last 50 years, many techniques have been developed to record electrical activity from 
neurons (in vivo and in vitro). The focused of this thesis was on in vitro techniques, 
specifically on extracellular recordings using multi electrode arrays also known as 
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MEAs. Today, there are many MEA systems available on the market; however, in 
this thesis two systems were tested in order to determine which system will have the 
hardware that can potentially be modified to fit the 3D sieve MEAs. The two systems 
that were chosen were the NIS system recently, which was recently developed by a 
collaborator in Korea (Electronics and Telecommunications Research Institute, 
https://www.etri.re.kr/eng/main/main.etri) and a commercially available system 
made by Plexon. The Korean system is called NIS system, and it is shown in Figure 
3-12. The system consisted of data acquisition board (USB-6255, NI), neural 
recording board, stimulation generator board, and temperature controller. The 
commercial system was facilitated by Gunter Gross at University of North Texas 
(UNT). 
 
In order to measure action potentials using MEA chips, certain parameters needed to 
be established. These parameters included cell attachment onto the MEA chips 
(especially onto the electrode area), cell seeding density and media changes to 
maintained proper osmolarity of the media. As the first step, the MEA chips were 
cleaned and plasma treated followed by PDL/laminin coating as describe in Section 
3.2.4.  
 
Cells such as primary cortical neurons or skeletal muscle cells were seeded onto the 
MEAs at 150,000 cell/cm2 for cortical neurons, and 30-50,000 cell/cm2 for muscle 
cells. Cortical neurons were allowed to differentiate using media detailed in Section 
3.2.1.1, with half media change every other day. As reported in the literature the 
cortical neurons were kept for three weeks before their neuronal activity was 
measured using the MEA system. On the other hand, the muscle cells were visually 
inspected after 5 to 7 days of culture since their spontaneous activity was previously 
observed on those days. When the activity was verified visually, it was measured 
using the MEA system. 
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Figure 3-6. Images of the MEA system (Korean NIS system) fully assembled. The system 
consisted of two main parts (A): the top part contains the connector pins (B), the base (C) 
contains MEA holder and heater controller. D, E) System containing the MEA and set to 
record. 
 Electrophysiological recordings  3.3.1
Two electrophysiological systems were used, the NIS Korean system [318] and the 
Plexon system [319]. The NIS system was used in combination with the flexible 
MEA chips made by Plexon Inc. and the glass MEA chips made either by Dr. 
Guenter Gross at Center for Neurosciences (CNN) at University of North Texas 
[320, 321] or by the Electronics and Telecommunications Research Institute (ETRI, 










Multi electrode array chips Distributor 
NIS Korean system 
• Korean glass MEAs  
• Multichannel glass 
MEAs  
• Flexible MEAs 
• ETRI Korea  
• Multichannels systems 
• Plexon Inc. 
Plexon system • Glass MEAs  
• Center for Neurosciences 
at University of North 
Texas 
 Electrochemical characterization of MEAs 3.3.2
The impedances of the MEA electrodes (both glass and flexible, Figure 3-7) were 
measured and calculated using electrochemical impedance spectroscopy (EIS) as 
described in Chapter 2 Section 2.2.8. The impedance spectra were obtained over the 
frequency range 0.01 Hz to 100 kHz with AC amplitudes of ± 50 mV and ± 0 mV 
versus the reference electrode [290]. Additionally, the static impedances (at 1 KHz) 
were compared [323-325]. 
 
 
Figure 3-7. Electrochemical characterization of electrodes on the MEA chips. A) 
Characterization of electrodes on flexible MEA. Scale bar represents 30 µm. B) 
Characterization of electrodes on glass MEA. Scale bar represents 40 µm. 
 
 Laser cutting of perforations on flexible MEAs 3.3.3
The laser drilling on flexible MEAs was completed using 3 different systems: an 
ultra-compact laser micro-machine system (Alpha Series) from Oxford Lasers 
(Figure 3-8 A), a Neodymium-doped Yttrium Aluminum Garnet (Nd:YAG) laser 
system [300] and a Ti:Sapphire femtosecond laser system [326]. 
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The alpha machine had three different modes that could be used to make the holes on 
the flexible MEAs, detailed below: 
 
Cutting: A micro-machining technique that can be used to cut most 
materials. Features down to 5 microns wide and up to 1.2 mm deep can be typically 
cut as shown in Figure 3-8 B.  
 
Milling: This technique relies on multiple laser pulses to ablate very small 
amounts of material. The desired features are generated by scanning the laser across 
the material’s surface. The number of pulses at each position determines the depth of 
the features. A sample is shown in Figure 3-8 C. Features smaller than 1 µm can be 
achieved using this technique. 
 
Drilling: Laser drilling can be used to create micro-holes in different 
materials such as metals, ceramics, dielectrics, semiconductors, polymers, sol-gel 
carbon composites and some biomaterials. A sample is displayed in Figure 3-8 D. 
Very precise drills (1 µm tolerance) can be produced from 5 to 500 µm in diameter 




Figure 3-8. Laser micro-machine system (Alpha Series, Oxford Lasers). Samples of cutting 
(B), milling (C) and drilling (D) using the laser machine. Images obtained from 
http://www.oxfordlasers.com/laser-micromachining. Visited on 20/12/15. 
 
The Nd:YAG system is a laser system that has higher absorption that the micro-
machine laser system (Alpha Series) from Oxford (previously used), with the 
capacity to create spot size down to 6-10 µm in diameter. On the other hand, the 
Ti:Sapphire femtosecond system, has minimal thermal effects, it delivers laser pulses 
with a variable pulse energy of up to 100 mJ and pulse duration of 200 fs up to 400 
ps. This system has the capacity to create spot sizes in the range of 5-10 µm. Both 
machines have the capability to generate small micro-holes, however, the ratio 
(100/1) between the thickness of the flexible MEAs (500 µm) and the micro-holes (5 







The first step in developing the sieve–MEAs was to ensure proper cell attachment 
and functionality of cortical neuron cultures in 2D cell environments such as glass 
coverslip (controls), glass MEAs and flexible MEAs.  
 
 Cortical neurons grown on MEAs  3.4.1
During the optimization of this protocol, numerous steps were identified as critical 
for achieving neuronal attachment, survival and network formation. The first key 
step was ensuring proper hydrophilicity of the materials as hydrophobic materials 
can cause poor cell attachment and decrease cell survival rate. It has been reported 
that different manufacturer’s coverslips can lead to different neuronal cell survival 
rates [327]. However, by coating them with biomolecules such as PDL and laminin 
cells will more readily attach. It can be observed that few cells have attached to the 
surface, although they have done so in a fairly uniform manner (Figure 3-9 A-B).  
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Further, glass MEAs generally have an isolation layer of silicon nitride (SiN) that 
protects the electrodes or some other material which increases the surface 
hydrophobicity and for this reason cells will not attach to it. Therefore, these MEA 
surfaces also have to be coated with similar biomolecules. Even then cell attachment 
was sparse as observed in Figure 3-9 C-D. 
 
Furthermore, the flexible MEAs (Figure 3-9 E-F) are made of polycarbonate with an 
isolation layer of parylene C, making them hydrophobic. Our initial results indicated 
that cells did not evenly attach to the materials although the surfaces were coated 
with biomolecules. It appeared that PDL and laminin did not bind to the surfaces, 
causing poor cell attachment, as indicated by the large cell clusters shown in Figure 
3-9 E-F. These results suggested that if the material was not properly treated or 
hydrophilic enough, molecules such as laminin, PDL and PLL failed to adhere to the 




Figure 3-9. Cortical neurons seeded on substrates without plasma modification. A-B) 
Cortical neurons seeded on glass coverslips (controls). Scale bars represent 200 µm. C-D) 
Cortical neurons seeded on glass MEAs. Scale bars represent 200 µm and 30 µm 
respectively. E-F) Cortical neurons seeded on flexible MEAs. Scale bars represent 200 µm 
and 30 µm respectively. 
 
In order to improve the hydrophilicity of the materials (glass and MEAs), plasma 
surface modification was investigated [168]. After the plasma treatment, cell 
attachment improved drastically as observed in Figure 3-10. The figure shows 
cortical neurons (same seeded densities of cells as in Figure 3-9: 150,000-250,000 
cells/cm2) evenly distributed across the entire surface (glass coverslips, glass MEAs 
and flexible MEAs) developing extensive neuronal networks. 
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Figure 3-10. Cortical neurons seeded on substrates after plasma modification. A-B) Cortical 
neurons seeded on glass cover slips (controls). Scales bars represent 50 µm. C-D) Cortical 
neurons seeded on glass MEAs. Scale bars represent 200 µm and 30 µm respectively. E-F) 
Cortical neurons seeded on flexible MEAs. Scale bars represent 200 µm and 30 µm 
respectively. 
 
 Electrophysiological recordings of cortical neurons using MEAs  3.4.2
After optimization of neural cell attachment to the different MEA chips (flexible and 
glass) as well as the control (coverslips), it was necessary to ensure cortical neuron 
functionality. Extracellular recordings using MEA chips were attempted. Here the 
results from the first recordings using the Plexon system with their MEA chips are 
shown. These cultures were maintained on the MEA chips for up to 21 days, and 
then the MEA chips were transferred to the system to record the electrophysiological 
activities. The MEA system used for the recordings consisted of an amplifier, filter, 
digitizer and data transmission.  
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As the neuron’s transmembrane potential reached their threshold due to the rapid 
Na+ influx, it created a large negative spike resulting in a signal as observed in 
Figure 3-11 (red and yellow signals on the left window), where the raw signal has 
been processed and separated between action potentials (AP). Also, after the spike 
was detected according to its shape, several techniques were used to study neuronal 
interaction. Here the centre panel of Figure 3-11 shows a raster plot of the entire 
electrodes used for the culture (in this case 64 electrodes). This graphic is a discrete 
representation where time stamps from threshold crossing of action potentials are 
represented as vertical tick marks. Finally, the right panel shows the activity from the 
entire matrix (64 electrodes) of the MEA chip. 
 
Regardless of the highly interconnected neuronal networks observed on the electrode 
matrix (Figure 3-10 C and E) of the MEA chips, minimum activity was detected 
(average of two or three electrodes from 64) when compared to activity reported in 
the literature where signals are reported from multiple electrodes. Nevertheless, the 
signals observed from the electrodes (Figure 3-11) were about 200–800 µV in 
amplitude, which is consistent with previously reported signals using MEAs [328-
330]. After troubleshooting and interacting with an electrophysiologist, it was 
determined that the osmolality of the cultures was lower than expected. After reading 
osmolarity of several samples using an osmometer, it was found to be in the range 
210 to 250 mOsm/L, which was lower than expected. It was found that the 
osmolarity of neurobasal solution (media) needed to be adjusted from 220-250 
mOsm/L (as received) to 290-310 by addition of 65 mM NaCl solution. When cells 
were grown in adjusted osmolarity media, electrophysiological signals where 
obtained, as shown in Figure 3-12. The resulting signals can be compared to the 
signals shown in Figure 3-11, which shows signals from a few electrodes compared 
to Figure 3-12 were neuronal activity was recorded from 80 % of the MEA 
electrodes. Furthermore, this result indicated that our neuronal cultures had a 
complex and synchronized neuronal network, similar to previously reported 
electrophysiological recordings [331, 332]. 
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Figure 3-11. Electrophysiological recordings from cortical neurons at 21 days of cell culture 
in lower osmolality media. Electrophysiological signal obtained using Plexon chips and 





Figure 3-12. Electrophysiological recordings of cortical neurons (23 DIV) using Plexon 
software and glass MEA chips. A) Representation of activity in the form of raster plots 
where time stamps from threshold crossing of action potentials are represented as vertical 
tick marks. B-D) Example of selected action potentials and spike raster plots captured in real 
time from different electrodes. 
 
Electrophysiological measurements using the NIS MEA system were also recorded 
under the same conditions, ie the same cell densities and the same times for cell 
culture. The two systems were directly compared to ensure that the NIS system could 
successfully record electrophysiological activities, as it is a system in development, 
however some noise was seen in the NIS original recordings. In order to eliminate 
the possibility of recordings resulting from noise, neuronal activation was applied 
(glutamate). Electrophysiological activities (Figure 3-13 A-B) were recorded (in a 
static environment) for 6 min before adding glutamate. One µL of glutamate (from 
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20 mM stock concentration to final concentration of 20 µM) was added directly to 
the cells (recording area, Figure 3-13 C). A second 1 µL of glutamate was added 
after 2 min (Figure 3-13 D). A third 1 µL of glutamate was added 1 min after (Figure 
3-13 E) and the last 1 µL of glutamate was added 4 mins after (Figure 3-13 F). 
Activity changes over time were observed, particularly on electrode 13, until they 
reached the point where the cells were silent (no electrophysiological activity 
detected). This confirmed successful recording of biological activity using the NIS 
(Korean) system.  
 
 
Figure 3-13. Neuronal electrophysiological recordings using the NIS Korean system. A) 
Overall (64 electrode) electrophysiological recordings prior to chemical stimulation with 
glutamate. B-F) Close up of gradual loss of neuronal signal activity from the area of the red 
rectangle, showing the recorded waveforms after increasing glutamate concentration. No 
glutamic acid (B), 20 µM of glutamic acid (C), 40 µM (D), 60 µM (E) and 80 µM (F). 
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 MEA electrode characterization  3.4.3
Most MEAs are fabricated using glass substrates, due to its durability and 
transparency, however flexible MEAs have received some interest. As explained in 
the introduction to this chapter, the sieve MEA development was proposed by laser 
drilling micro-holes into the electrodes of the flexible MEAs. The reduction of 
electrode sizes as well as the possible damage to the electrode (cause by the drilling) 
could affect the electrode performance, which could result in high electrical noise 
during signal recording as well as lower the signal-to-noise ratio of the recording 
system [333]. Here, electrode characterization before laser drilling was performed by 
measuring impedance of the electrodes using electrochemical impedance 
spectroscopy (EIS). The impedance spectra were obtained over the frequency range 
0.01 Hz to 100 kHz with AC amplitudes of ± 50 mV and ± 0 mV versus the 
reference electrode [334]. 
 
Figure 3-14 A shows the EIS results for the electrodes on glass (gold and titanium 
nitrate-TiN) and flexible MEAs with respect to frequency. Also, Figure 3-14 A 
shows that electrodes displayed the typical linear impedance of metal electrodes. 
However, although the flexible MEAs showed a reduction in impedance compared to 
the gold electrodes of the glass MEAs, they still showed linear impedance. The 
impedance measurements were done using four different electrodes, in two different 
MEAs with similar shape (square) and approximately the same size (30 µm2). Figure 
3-14 B reports the impedance at 1 KHz which has been a traditional impedance 
measurement of neuronal implants [312]. The results indicate that overall, the 
electrodes in the glass MEAs have higher impedance values when compare to the 
electrodes in the flexible MEAs. Also, the result indicated that at 1 KHz frequency, 
both of the glass MEAs had impedance around 690 KΩ and the flexible MEAs with 
gold electrodes have impedance around 120 KΩ. 
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Figure 3-14. Electrochemical impedance spectroscopy of MEAs. A) EIS Results from 
electrodes of flexible and glass MEA chips. B) Impedance at 1 KHz for the electrodes of 
flexible and glass MEA chips 
 
 Sieve-MEA development  3.4.4
The laser drilling on flexible MEAs was done using an ultra-compact laser micro-
machine system (Alpha Series) from Oxford Lasers. As outlined in Section 3.3.3, the 
laser machine has three options: cutting, drilling and milling. To perform a laser cut, 
either drilling or milling the correct parameters needs to be chosen. These options 
have many parameters; however they have two parameters in common: the power 
and speed of the laser. Moreover, in the attempt to create the 5 µm micro-holes in the 
MEAs, these parameters were the first ones to be addressed.  
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In order to optimize the parameters, materials similar to the flexible MEAs 
(polycarbonate with gold electrodes insulated with parylene) were tested. The 
materials tested were gold-mylar sheets, thin polycarbonate sheets then flexible MEA 
electrodes.  
 
The first attempt to generate micro-holes was made using the gold-mylar sheets, 
using the drilling option of the laser machine with 70 % power at 0.01 mm/sec speed 
as starting point. The initial parameters were chosen based on manufacturer 
recommendations for 200 µm thick gold sheets. The results suggested that holes on 
gold-mylar sheets with the distance of 200 µm apart (same distance as the electrodes 
in flexible MEAs) were possible, however the small diameters achieved were 40 µm 
and the material suffered damage around the micro-holes, where it appeared that gold 
was peeling off from the mylar. Also, it was observed that the micro-holes were not 
consistent and that sizes varied using the same parameters, as observed in Figure 3-
15.  
 
Figure 3-15. Micro-holes made in gold-mylar sheets. A-B) Micro-holes matrices with 200 
µm separations between each other using drilling mode at 70 % power at 0.01 mm/sec speed. 
Scale bars represent 200 µm and 40 µm respectevely. 
 
The next step was to test similar parameters in polycarbonate sheets. The sheets of 
polycarbonate used for this test were thinner (100 µm) than the MEAs (500 µm) 
chips. The results indicated that using similar parameters (70 % power at 0.01 
mm/sec speed) micro-holes around ~10 µm in diameters with a 200 µm separation 
were possible (Figure 3-16). However, it was noticed that the material around the 
micro-holes suffered some damage (burning) indicating that the lower power in 
combination with a faster speed caused damage to these materials. It was concluded 
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that this technique has the potential to be used on the MEAs, although it has few 
parameters to adjust. Also, the MEAs are thicker that the sheets (500 µm) mentioned 
above, so this technique could potentially be used with faster speeds, in order to 
avoid the burning. 
  
 
Figure 3-16. Micro-holes made in polycarbonate sheets. A-B) Micro-holes matrices with a 
200 µm separation using drilling mode at 70 % power at 0.01 mm/sec speed. Scale bars 
represents 200 µm. 
 
 Laser cutting  3.4.4.1
The initial parameters used on the flexible MEA chips were chosen based on the 
laser machine manufacturer’s recommendations for polycarbonate material and our 
previous results. For laser cutting, the initial recommended parameters were used on 
electrodes 1-5 of two MEAs (1 and 2), then parameters were varied on other 
electrodes, including a change in power (from 50 to 20 %), a reduction in number of 
laser passes (from 10 to 3). Furthermore, similar power as before (50 and 20 %) and 
an increase in the speed from 0.01 to 0.1 mm/s were employed. The combination of 
parameters is shown in Table 3-2. It is important to mention that the laser cutting was 




Figure 3-17. Laser cutting diagram. Laser was performed on the top surface of the MEAs.  
 
Table 3-2. Parameters used to perform laser cutting on Plexon MEA 
MEA Number 1  2 
Electrode 1-5 11-15  1-5 11-15 
Diameter (mm) 0.005 0.005  0.001 0.001 
Power (%) 50 20  50 20 
Number of passes 10 10  3 3 
Speed mm/sec 0.01 0.01  0.1 0.1 
 
Using 10 passes and 0.01 mm/sec with 70 % power caused holes around 100 µm in 
diameter with severe damage to approximately 6 electrodes around it (Figure 3-18 A, 
B). As the power was reduced to 50 % it was observed that micro-holes around 30 
µm were possible, however the shape was not uniform and damage (burning) on the 
electrodes and some of the pathways was still present (Figure 3-18 C top 2 micron-
holes). Finally, the power was reduced to 20 %, the resulting holes were smaller than 
the ones cause by 50 % power, however ultimately the damage on the electrode 
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Figure 3-18. Micro-holes made in flexible MEA using laser cutting mode. A) Overview of 
different holes made by different laser parameters. Scale bar represents 200 µm. B) Micro-
holes made by using 50 % (left hole) and 20 % (right holes) laser power, using 10 passages 
and 0.01 mm/sec speed. Scale bar represents 100 µm. C) Micro-holes made by using 50 % 
(top surface) and 20 % (bottom surface) laser power, using 3 passages and 0.1 mm/sec. Scale 
bar represents 40 µm  
 
 Laser milling 3.4.4.2
The initial settings used to make the micro-holes using milling were the ones 
recommended by the manufacturer and then varied as described in Table 3-3. The 
available parameters included hole diameter, drill time, number of passes, speed and 
power. During this work, all parameters were kept constant, except the power. 
Similar to previous laser cutting the laser entry was from the electrode side (as 





Table 3-3. Parameters used to perform the laser milling. 
MEA (3) electrode # 1-7 8-14 15-21 22-28 29-35 36-42 
Hole diameter mm 0.001 0.001 0.001 0.001 0.001 0.001 
Pilot drill time 0.1 0.1 0.1 0.1 0.1 0.1 
Number of passes at 
each inner diameter 
2 2 2 2 2 2 
Enter passes at final 
diameter 
1 1 1 1 1 1 
Speed for trepan (xy) 0.006 0.006 0.006 0.006 0.006 0.006 
Power (%) 70 60 50 40 30 20 
 
The first holes using the milling option were made with 70 % laser power, which 
caused extensive damage to the MEAs. As the power was decreased the damage to 
the MEAs was less extreme, however the damage to the electrodes could not be 
avoided even with the lowest power. Nevertheless, it was observed that with the 
lowest power (20 %) the laser could create uniform exit holes in the range of 50 µm 
(not as small as needed) as shown in Figure 3-19. Furthermore, it was noticed that 
the laser exit holes made on back of the MEAs (Figure 3-19 B) were more uniform 
and smaller in diameter than the entry holes and less damage around the micro-holes 
was observed when compared to the entry holes. 
 
 
Figure 3-19. Micro-holes made in a flexible MEAs using laser milling option. A) Overview 
of holes made by using different laser parameters, starting from the left, holes made by using 
50 % 40 %, 30 % and 20 % laser power. B) Image taking on the bottom surface of the 
MEAs, showing the exit holes. Scale bars represent 200 µm. 
 
 140  
 Laser drilling 3.4.4.3
The laser drilling option had fewer parameters to adjust (Table 3-4). Similar to 
previous modes, the manufacturer’s recomendations were used to set the initial 
parameters, then the power was decreased. Also, the micro-holes were made from the 
the top surface of the MEAs as shown in Figure 3-20.  
 
Table 3-4. Parameters used to perform the laser drilling. 
MEA 
Electrode # 
1-5 9-13 17-21 25-29 32-36 41-45 
Laser drill (s) 0.1 0.1 0.1 0.1 0.1 0.1 
Power (%) 60 50 40 30 20 10 
 
Figure 3-20 shows the results of the laser drilling. With this laser option, micro-holes 
of 60-80 µm were possible. Further, limited damage to the surrounding area of the 
hole was observed. However, the electrodes were damaged, as well as some part of 
the pathways. This was observed regardless of the power used (Figure 3-20 A,B). 
The damage was reduced as the power was reduced (from 60 to 10 %), nevertheless 
damage was still present. Furthermore, it was observed that the exit holes were about 
half of the diamenter of the entry holes. Also, these exit holes had less damage to the 




Figure 3-20. Micro-holes made in a flexible MEA using the laser drilling option. A) 
Overview of the rows of micro-holes made by using 60, 50, 40, 30, 20 and 10 % (top row to 
bottom respectively) laser power. B) Closer look at the less damaged electrode using 30, 20 
and 10 % laser power (micro-holes from top to bottom). C) Image taken on the bottom 
surface of the MEAs, showing the exit holes. Scale bars represent 200 µm. 
 
Figures 3-18 to 3-20 demonstrate that regardless of the perforation option (drilling, 
milling or cutting), the laser machine (Alpha series) caused damage to the electrodes, 
making it impossible to create a reliable sieve-MEA using this machine. As a result, 
other laser machines similar to the Alpha series were identified and used to modify 
MEAs. These machines, located at Macquarie University, Sydney, Australia were 
investigated with the assistance and operation kindly provided by Dr Benjamin 
Johnston (Sydney University). 
• The Neodymium-doped Yttrium Aluminum Garnet (Nd:YAG) laser 
system [335]. 
• The Ti:Sapphire femtosecond laser system [326]. 
 
The wavelength of the laser is an important parameter for micromachining. When 
fabricating or modifying materials, care should be taken to minimize thermal damage 
[336]. For this reason, the use of machines such as Nd:YAG and Ti:Sapphire offer a 
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wavelength range capable of producing enough photon energy to break the material’s 
chemical bonds without significant heat transfer to the surrounding of the material 
[337]. The Nd:YAG system uses a 266 laser and it  has higher absorption which has 
been shown to cause minimal thermal damage [335]. On the other hand, the 
Ti:Sapphire femtosecond system (700 to 900 nm), exhibits extremely high peak 
power (approximately 10 14 W/cm2) and ultrashort pulse durations (approximately 10 
-15 s), they can be used to process nearly all kinds of materials including metals, 
semiconductors and dielectric such as crystals, glass and ceramics with micro scale 
accuracy and negligible heat effects [326]. With this system a single micro-hole 
could be drilled. The dimensions of the holes is determined by the laser irradiation 
time as well as the pulse energy. In general terms large pulse energies with longer 
laser irradiation times result in large diameters and depth of the micro-holes. The 
numerical aperture value of the focusing objective will also affect the micro-hole 
morphology [337].  
 
Both machines have the capability to generate small micro-holes (sizes in the range 
of 5-10 µm), however, minimal thermal damage caused around the holes by the 
machines is very important as it has been shown to be an important factor in 
biomedical applications [337] as well as to preserve the integrity of the electrodes in 
this cases. Another important factor to consider is the ratio (100/1) between the 
thickness of the flexible MEAs (500 µm) and the micro-holes (5 µm) as this can 
created some challenges. As the thickness of the sample is increased, a greater 
number of pulses may be required to penetrate the material, causing the need for 
more energy, which in turn is related to the hole diameter as increases in energy are 
correlated with the diameter of the holes [337].  
 
Furthermore, during visual inspection of micro-holes made with the Alpha laser 
machine, (Figure 3-18, 19 and 20) it was observed that the exit holes (back of the 
MEAs) were relatively smaller than the entry holes, with more uniform shape. Based 
on these findings, the next micro-holes were made from the back of the MEAs as 




Figure 3-21. Schematic representation of laser drilling in flexible MEAs. The laser entry 
holes were made from the bottom surface of the MEA.  
 
Figure 3-22 shows the initial results of drilling micro-holes using the Nd:YAG laser 
system. The entry holes were approximately 50-60 µm causing 6-8 µm exit holes; 
however the electrode suffered a burning effect. 
 
Figure 3-22. Micro-holes made in flexible MEAs using the Nd:YAG system. A-B) 
Damaged electrodes as the result of cutting of the micro-holes (6-8 µm). Scale bars represent 
20 µm. 
 
Results obtained from the laser drill using the laser Ti:Sapphire femtosecond system 
showed that forming the desired micro-holes on the recording electrodes was 
possible. This was the only technique that did not cause any visual damage to the 
electrodes. Here the preliminary results of the drilling are shown (Figure 3-23). 
These micro-holes were achieved by drilling the holes from the back of the MEA in 
Laser	beam 
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Figure 3-23 A. The resulting holes were approximately 50 µm wide at the entry point 
with resulting micro-holes on the electrodes of about 5-8 µm (Figure 3-23 B-C). 
 
 
Figure 3-23. Micro-holes made in flexible MEAs using the Ti:Sapphire femtosecond 
system. A) Entry hole on the bottom surface of the MEA (50 µm), Scale bar represents 50 
µm. B-C) Resulting 5-8 µm hole on the electrode. Scale bars represent 20 µm. 
 
Although these results had shown that micro-holes in the flexible MEAs were 
possible using the femtosecond, the testing of the electrodes, assembly of the sieve-
MEAs and integration of cells in 3D within the sieve-MEA to record 
electrophysiological responses was not completed.  
 
3.5 Discussion  
 
The analysis of neuronal communication is an essential step in the successful 
development of 3D neuronal networks [338]. The understanding of this 
communication using a non-invasive platform can provide useful information on 
neuronal survival and synaptogenesis [328]. Here, the optimization of protocols for 
cortical neuron dissection and electrophysiological recordings using conventional 2D 
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multi-electrode arrays is presented. During the protocol optimization, certain 
elements were found to be critical for cell survival as well as necessary to measure 
electrophysiological signals, such as surface hydrophobicity, media changes, and 
osmolality.  
 
The materials used for this work required pre-treatment in order to improve cell 
attachment. A plasma surface modification process was used to improve the 
hydrophilicity of the materials. As the hydrophilicity increased molecules such as 
PDL and laminin spread evenly over the entire surface. This resulted in an increase 
in cell attachment, higher cell survival and greater neuronal network formation on the 
three different surfaces e.g. cover slips, glass, and flexible MEAs. This modification 
allowed the maintenance of cortical neurons for up to 21 days. 
 
Another important aspect in the cell culture protocols was the maintenance of proper 
osmolality in the cell culture media. Here it was demonstrated that cells cultured in 
lower osmolality (between 210-250 mOsm/L) had a minor functional neuronal 
network, which was reflected as minimum electrophysiological recordings (signal 
recorded on 3 electrodes out of 64). The resulting signals were in the in the 300-500 
µV range, similar to reported signals [328, 332], however only 4 electrodes out 64 
detected signals. The issue of osmolality was addressed by regular media changes 
(half of the media) and by increasing the osmolality of the stock media up to 290-310 
mOsm/L. The result of the osmolality adjustment was reflected as an increase in 
functional neuronal networks (up to 80 % increase) when compared to cell cultures 
with lower osmolality. Also, electrophysiological recordings increased amplitude 
from 300–500 to 600-1000 µV were detected in approximately 45 out 64 electrodes, 
suggesting a more complex and mature neuronal network. 
 
After the protocol was adjusted, electrophysiological recordings were tried with in-
house electrophysiological equipment developed by a collaborator (Korean 
collaborator at Electronics and Telecommunications Research Institute ETRI, Korea 
[322]). Here the cortical neurons were stimulated in a static environment using 
glutamic acid. As the glutamic acid was added, its effect was reflected in the signals 
increasing in frequency and amplitude. The stimulation was performed until cells 
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were over stimulated which caused the signals to fade This phenomenon was 
expected as it has been reported that over-dosing of glutamic acid will oversaturate 
receptors [339]. The data resulting from these measurements suggested that the NIS 
system equipment is capable of detecting electrophysiological signals. The 
electrophysiological signals recorded using NIS were comparable in amplitude (300-
700 µV) to those obtained with Plexon system (200 - 800 µV). This comparison 
supports the conclusion that the NIS recording system is a functional system, where 
strong biological data may be recorded similarly to a commercial, well-established 
system (Plexon system). However, more in-depth analysis of the signals is needed, 
including analysis of issues such as bursting, burst firing synchronization, and/or 
frequency. Moreover, the system may need further improvements, such as the simple 
inclusion of common analysis techniques (e.g. PSTH, time delay analysis between 
channels etc.). Overall, the two systems appeared to be capable of detecting 
electrophysiological activities.   
 
Although 2D electrophysiological recordings have been a useful tool in the 
neuroscience field they have some limitations. In an attempt to overcome some of 
these limitations, this chapter presents the initial development of new 3D MEA 
platforms to record and stimulate cells in 3D. It consisted of having an in vitro model 
comprised of stackable, multi-layered sieve-like MEAs that could allow neuronal 
recordings from different layers of cells in 3D. The innovative approach of creating 
sieve-MEAs by laser drilling in the 2D MEAs, has the advantage of utilizing readily 
available products which can be customized for this specific purpose having as a 
benefit avoiding unnecessary investment of time.  But more importantly customizing 
sieve MEAs allowed the creation of tiered systems where neuronal signals could be 
detected from different points of the network. 
  
The first attempt to develop the sieve-MEAs was completed using the Alpha laser 
machine. This equipment had three different options available to create micro-holes, 
such as cutting, milling and drilling. After optimizing the different parameters of 
each option, laser cutting allowed the creation of micro-holes of 30 µm, laser milling 
50 µm and laser drilling 60 µm in diameter, however the damage to the electrodes 
and surrounding area could not be avoided. Additionally, it was observed that 
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drilling, cutting and milling created exit holes smaller that the entry. Also, it was 
demonstrated that these exit holes had less damage than the entry holes as well as 
less damage to the surrounding areas. 
 
With this information, two additional laser machines were tested, the Neodymium-
doped Yttrium Aluminum Garnet (Nd:YAG) laser system and the Ti:Sapphire 
femtosecond laser system. Both systems offer the possibility to create micro-holes as 
small as 5-10 µm. However, the Nd:YAG system still caused some damage to the 
electrodes. On the other hand, the Ti:Sapphire allowed the creation of 5-8 µm holes 
and did not cause any visual damage to the electrodes, making it a promising 
technique to develop the sieve-MEAs. These are preliminary results, they suggest 
that micro–holes of 5-8 micron and that the development of sieve-MEA using the 
flexible MEAs is possible. However, no further testing and development was 
possible due to the lack of laser machine accessibility. Furthermore, future work 
needs to be undertaken in terms of suitable hardware to stack multiple sieve-MEAs 
and the integration of the cells in 3D as one system to record electrophysiological 
signals, as this could not be completed in this work. Nevertheless, the development 
of neuronal 3D cell cultures will be described in Chapter 4.  
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CHAPTER FOUR  
 
4 Towards 3D in vitro models, an exploration of cell 
behaviour in 2D versus 3D.  
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4.1 Introduction 
 
Cells grown outside the body in a controlled laboratory environment have been 
cultured using two-dimensional (2D) models, using vessels such as polystyrene petri 
dishes, micro-wells and tissue culture flasks and glass surfaces including coverslips 
and chamber slides [178]. These models have improved our understanding of basic 
biological systems, however, it has been recognized that they have disadvantages and 
limitations [340]. For example, cells in 2D models are limited to growth on flat 
surfaces impacting cell morphology, metabolism and functionality. Even at the 
simplest tissue level in vivo, interaction between cells and other cells and/or with the 
extracellular matrix (ECM) is observed. Therefore, there is the need to create true 3D 
in vitro representations of human tissue, allowing cells to function in a more realistic 
manner [340]. Biomaterials, biofabrication and tissue engineering research areas 
have been tackling this challenge by creating materials that replicate the ECM and 
today, it is widely known that when dissociated cells are encapsulated into 
biomaterial scaffolds, these structures have the potential to function as a synthetic 
ECM. How well these materials fulfill this role will depend on the specific 
biomaterial and its many properties [180, 181].  
 
The ECM is a bioactive and dynamic environment that controls the level of hydration 
and the pH of local surroundings as well as some cellular functions via the 
abundance of growth factors and receptors [341, 342]. Therefore no one single 
material can replicate the ECM structure and function [341, 343]. Furthermore, the 
composition and function of the ECM makes it challenging to replicate. This 
combination of proteins (collagen, elastin, fibronectin, proteoglycan and laminin), 
polysaccharides and water, provides more than physical support to cells. 
 
In the last few decades, research has focused on developing novel biomaterials to 
mimic the ECM architecture from a wide range of materials with easy processability, 
controlled degradation and susceptibility to modifications, which makes custom 
design possible.  
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Consequently, selected hydrogels have been adopted as standard ECM substitutes 
due to their ability to simulate natural tissue. This is attributed to their high water 
content, exceptional oxygen and nutrient permeability [251-254] and structural 
stability [255]. Adequate biomaterial selection relies on different properties such as 
gel formation and mechanism, degradation (physical and chemical properties) and 
diffusion (mass transport properties) which will affect the behaviour and viability of 
the cells seeded within it the material [344]. A key property of these biomaterials is 
the porosity as it plays a crucial role in cell proliferation, migration and 
differentiation. Therefore, the pore architecture of 3D scaffolds, including pore 
interconnectivity and average pore size, is critical whenever selecting biomaterials 
[345]. It has been shown that small pores prevent effective gas diffusion, nutrient 
supply and metabolic waste removal, but lead to high cell attachment and 
intracellular signaling. On the other hand, large pores have opposite effects [345], 
therefore, 3D scaffolds must contain both micropores as well as macropores in order 
to provide the necessary physical support for cellular growth and communication 
[345, 346].  
 
There are several recommendations for optimal pore size; for example 5 µm pore 
size has been recommended for neovascularization, 5–15 µm for fibroblast ingrowth, 
20–125 µm for the regeneration of adult mammalian skin, 40–100 µm for osteoid 
ingrowth, 100–350 µm for the regeneration of bone, and 500 µm for fibrovascular 
tissues [345, 346]. 
 
Currently, hydrogels used for cell culture can be grouped depending on their origin, 
into natural or synthetic, where each type possesses its own advantages and 
disadvantages as no one single hydrogel will fit the criteria to mimic every tissue 
type. Nevertheless, regardless of their source, these materials offer the possibility to 
be tailored to fit specific criteria or cell culture requirements [195]. Also, it is 
important to ensure that hydrogel chemistries and internal structures enable cell 
survival and that any degradation of these hydrogels will not produce toxic by-
products that will harm cells. Therefore, stiffness and degradation (physical 
properties), biological activity alongside porosity and adequate oxygen, nutrient and 
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waste diffusion must be considered whenever developing synthetic ECMs [342, 
344]. 
Preferably, the biomaterials employed to mimic the ECM need to possess a wide range of 
favourable characteristics such as easy processability, biocompatibility, biofunctionality 
and biodegradability. In order to fulfil all of these requirements, a broad range of materials 
have been investigated [347]. One of the most selected choices for in vitro studies of 
cell behaviour in 3D is collagen type I [348]. 
Collagen has a central role in maintaining the structural and biological function of 
ECM. There are approximately 28 different collagens discovered to date, however I, 
II, III and V are the most preeminent types in skin, muscle, tendon, bone and 
cartilage [349]. Tropocollagen is the basic monomeric unit of a collagen fibril; it has 
rigid rod-like molecules with a central triple helical region of three alpha polypeptide 
chains and terminal disordered ends called telopeptides [350]. These tropocollagen 
molecules self-assemble by electrostatic and hydrophobic interactions to form the 
collagen fibrils [350]. The formation of collagen fibrils occurs via two main stages: 
firstly the initial formation of collagen fibrils is a non-stable interaction held together 
by non-covalent interactions, where the collagen molecules are free to slide past one 
another. The initial non-covalent interaction can be disrupted by variations in 
temperature, pH, proteolysis and by ionic strength [350]. Secondly, following 
assembly, a covalent crosslinking occurs by the enzyme lysyl oxidase as well as non-
enzymatic crosslinking by glycation and nitration. These crosslinkings stabilise the 
fibrils, providing the high tensile strength characteristic of mature collagen fibrils 
[350].  
 
The primary advantage of collagen is its biomimetic properties: collagen hydrogels 
are cytocompatible, are amenable to cell adhesion without modification, and present 
a native viscoelastic environment to resident cells. Therefore, animal-derived and 
recombinant collagens, especially type I, is one of the most widely used biomaterials 
in tissue engineering. However, the likelihood of using collagen (animal derived) as 
a biomaterial for human tissue is minimal as this could possibly cause allergic 
reactions, immune response as well as transmit undesired pathogens [349].  
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Furthermore, another class of biomaterials that has emerged with significant potential to 
contribute to engineered tissues is the polysaccharides such as chitosan, alginate, 
hyaluronic acid, cellulose and GG [351]. From these biomaterials, GG a repeating 
tetramer comprised of L-rhamnose, D-glucuronic acid and two D-glucose subunits 
(Figure 4-1) has gained significant attention due to its versatility and processability. A 
fermentation process from Sphingomonas paucimobilis produces GG, the purity and 
physical characteristics depend on factors such as the extraction procedure, pH, 
temperature, cell population and nutrient feedstock [347].  
 
 
Figure 4-1. Chemical structures of gellan gum (GG). The native structure of GG as 
produced by Sphingomonas paucimobilis and its deacylated form, which is more 
commonly used in tissue engineering. Image obtained from reference [347]. 
 
A disadvantage of GG is the poor cell interaction. However, some studies have 
shown that hydrogel-cell interactions can be further improved by attaching peptides. 
This modification incorporates peptide sequences to the hydrogels, influencing and 
stimulating cell survival as well as growth and differentiation [220-224]. For 
example, alginate has been modified with peptide sequences GRGDS and RGD and 
GG with GRGDS peptides [171, 225-229]. Very recently GG has been modified with 
RGD peptide, showing an increase in cell adhesion and proliferation compared to the 
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same materials without peptide modification [230]. For this reason, the RGD 
modification will be used as a strategy to enhance cell survival in some of the 3D cell 
cultures used in this thesis, especially to enhance the GG interaction with cells.  
This chapter demonstrates some of the basic differences in culturing cells in 3D 
versus 2D. The chapter starts by describing cell cultures in 2D specifically using 
nerve and muscle cells (primary cortical neurons, primary skeletal muscle). The next 
half of the chapter describes 3D cell cultures using different biomaterials, such as 
collagen (type I), GG and GG-RGD. The porosity of collagen, GG and GG-RGD are 
examined and described alongside the diffusion properties of GG and GG-RGD. 
Analysis of neurite length and number for cortical neurons cultured in 3D was 
performed, followed by a comparison with cortical neurons cultured in 2D. Then the 
encapsulation of muscle cells is described. Immunostaining was employed using 
anti-desmin, which is a muscle specific protein, an essential subunit of the 
intermediate filament in smooth, cardiac and skeletal muscle [275], as well as 
confocal imaging of muscle twitching within the gel. Next, there are some initial 
results for encapsulation of a co-culture (muscle–nerve).  
 
Furthermore, an application of 3D encapsulation utilizing a newly developed 3D 
printing method is presented. Charles W. Hull first introduced 3D printing in 1986 as 
a method call ‘stereolithography’. The method consisted of sequentially printed thin 
layers using a material that could be cured with ultraviolet light [236]. This process 
was then used as a base method to create sacrificial resin molds for the formation of 
3D scaffolds allowing different areas, such as engineering, electronics and aerospace 
engineering to use this technique [231, 234]. Furthermore, the development of 
solvent free aqueous-based systems allowed the printing of biological materials into 
3D scaffolds that could be used with or without cells [236]. 3D printing consists of 
three general steps: firstly, the pre-processing or design of desired model in a 
computer aid software (CAD), secondly the automated deposition of 
biomaterials/cells of interest and lastly the maturation of cell-laden scaffolds to 
reinforce the desired constructs [235, 236]. 
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The 3D printing process can be achieved using methods such as micro-extrusion, 
inkjet and laser assisted printing. In brief, the micro-extrusion consists on direct 
deposition of biomaterials/cells using extrusion heads (nozzles and needles) [352]. 
The inkjet printing method delivers a control volume (droplets) of cells suspended in 
liquid at specific locations [352]. Laser assisted printing creates the patterns by 
solidifying the biomaterial using laser pulses. [352]  
 
Today, 3D printing technology has evolved in terms of printing methods that enable 
the building of various and complex structures through a layer-by-layer process. 
However, one of the main challenges in 3Ds printing has been finding suitable 
biomaterials/bioinks. The bioinks are a key element whenever 3D printing live cells, 
as these biomaterials must have a suitable crosslinking mechanism to facilitate the 
printing process but more importantly they have to support cellular attachment 
proliferation and function [235, 236]. Some samples of these bioinks are alginate, 
agarose, gellan gum, cellulose, collagen, fibrin, gelatin, silk, PEG, pluronic, gelatin 
methacryloyl (GelMA) [235, 236].  
 
3D printing has already succeeded in creating scaffolds with anatomical and 
physiological relevance such as heart, cartilage, liver, bone, bladder and skin [236]. 
However, the ultimate goal of 3D printing technology is the development of 
complex, solid organs containing cells derived from the patient’s own cells. This 
goal, however, presents many challenges given the complexity of tissues and organs 
[353]. It is expected that this technology will play a leading role in the future.  
 
The 3D printing techniques used in this thesis consisted of a hand-held reactive 
bathless [174, 354] to easily create free-formed 3D structures with layered 
architecture. Furthermore, the printing technique used a biomaterial (bio-ink) based 
on peptide-modified GG that was compatible with the printing process. This 3D 
printed in vitro model provides a tool for the fabrication and investigation of multi-
layered neural circuit formation, relevant for understanding traumatic brain injury 
(TBI) as well as the basis of physiological learning and memory, among others. 
 156  
The aim of this chapter was to provide methods and materials for cell encapsulation. 
Furthermore, different cell types such as primary neurons, primary skeletal muscle 
cells and co-cultures (NSC-34 cell line and primary myoblast) were used for this 
purpose.  Primary cortical neurons and primary myoblast cells were used in Chapter 
3, due to their capability of generating spontaneous electrical activity (producing 
action potentials), which is an indicator of their functional status. This characteristic 
is also important whenever cells are encapsulated. Furthermore, a continuation of 
NMJ development (Chapter 2) in 3D was intended. For this reason the NSC-34 cell 
line and primary myoblast cells were used as a base for co-cultures in 3D. 
 
 It was demonstrated that cells (especially primary cortical neurons) cultured in a 3D 
environment have more cell-to-cell interaction causing morphologies that resemble 
those observed in in vivo environments. Similarly, muscle cells fused into myotubes. 
Furthermore, the chapter then describes a novel 3D cell encapsulation method using 
3D printing, by printing, for the first time, cell layers that mimick the cortical 
structure. This technique allowed cells to remain within their printed layers and more 
importantly allowed axons to extend towards neighbouring layers, resulting in a 
tissue-like model. This novel technique has the potential to provide a more accurate 
representation of 3D in vivo environments. 
 
Ultimately, there were three different hydrogels used as the basis for these 3D 
cultures (GG, GG-RGD and collagen). Ideally, all combinations of cell types and 
hydrogels used in this chapter would have been compared. However, here it was 
intended to compare the effect of the peptide (RGD) modification to GG. As such, 
collagen was used as a point of reference where a base line of cell densities and cell 
viability in 3D could be established. For this reason, the extensive comparison of the 
three hydrogels presents an opportunity for further research, but was beyond the 






4.2 Material and methods  
 
As described previously, the 3D in vitro models rely on crucial steps that involve 
material (hydrogels) preparation, cell preparation and hydrogel gelation (crosslinking 
procedure). Here I describe the cell culture techniques utilised in 2D and 3D formats.  
 
 Cortical neurons and muscle cells in 2D 4.2.1
 
 Materials preparation for 2D cell cultures 4.2.1.1
Cell substrates such as coverslips, glass and flexible (polycarbonate) multi-electrode 
arrays used for 2D cell culture underwent a surface modification to improve their 
hydrophilicity using plasma treatment followed by the addition of cell adhesion 
molecules such as poly-D-lysine (PDL), poly-L-lysine (PLL) and laminin as 
described in Section 3.2.2.  
 
 Cell culture in 2D 4.2.1.2
Primary cortical neuron and primary muscle cell culture were performed as described 
in Sections 3.2.1.1 and 3.2.1.2. 
 
 Immunofluorescence staining of cortical neurons and confocal 4.2.1.3
microscopy in 2D  
Nerve and muscle cells were fixed and stained as described in Chapter 2 Section 
2.2.13.  
 
 2D image analysis  4.2.1.4
2D image analysis was performed using the neurite analysis plug-in from 
MetaMorph software V7.8 (Molecular Devices). Neuronal cell extensions, including 
neurites, filopodia and lamellipodia were analysed for length, number, using confocal 
images of β-III tubulin and DAPI channels (16 bit images). As the images were 
imported into MetaMorph, dimensions of the images were calibrated (pixel to µm), 
then the application “neurite outgrowth” was used. Information on the cell bodies 
(approximate maximum width, gray level intensity and minimum area), nuclear stain 
(approximate minimum and maximum width and gray levels intensity) and 
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outgrowths (maximum width, gray level intensity and minimum cell growth to log as 
significant) were inserted. A segmentation window was opened, displaying the 
identified neuronal cell extensions and the overlay was displayed, as well as a results 
table with the number and length of neuronal cell extensions was assigned to each 
cell body. It is important to mention that all dimensional settings were kept 
consistent for all the image analyses, however, settings such as intensity levels were 
adjusted whenever needed. Data was transferred to Excel for further processing and 
analysis. 
 
 Cells in 3D 4.2.2
 Materials preparation for 3D cell cultures 4.2.2.1
 
 Cell culture methods in 3D 4.2.3
Numerous materials have been developed and adopted for 3D cell cultures by cell 
biologists, chemists and tissue engineers [355]. In this work, different cell types were 
encapsulated within three different hydrogels; collagen (Millipore), gellan gum (GG) 
and GG with a peptide modification RGD (GG-RGD) to determine the optimal cell 
supportive scaffold capable of being processed into 3D structures. Collagen was used 
as a positive control since it has been shown that collagen can stimulate cell 
proliferation and it has been used for nerve repair and alignment of reparative tissue 
[356]. 
 
 Collagen  4.2.3.1
The collagen hydrogel used for these experiments was obtained by mixing reagents 
from a kit (Cat # ECM675, Millipore) following the manufacturer's protocol. In 
brief, prior to cell encapsulation, collagen (type I) solution (10 mg/mL), 5x DMEM  
(5 x normal concentration) media and neutralizer buffer (1N Sodium Hydroxide 
Solution) were kept on ice. The gels were mixed at 80/20/2.5 ratio (collagen/5x 
DMEM/ neutralizer solution).  
 
 Gellan Gum (GG) purification 4.2.3.2
The GG used for this work required a purification process prior to cell encapsulation. 
Commercial low-acyl gellan gum (GG) was obtained from CP Kelco (traded as 
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Gelzan CM) then purified to remove divalent cations using an established method 
[357, 358]. Briefly, a 1% (w/v) solution of GG was dissolved in Milli-Q water (18.2 
MΩ) at 60 °C was mixed with 1.25 g of pre-rinsed Dowex 50W-X8 cation exchange 
resin and stirred for 30 min. The supernatant was then passed through a coarse filter 
along with two rinses of the resin with 60 °C ultrapure water. 4 M NaOH was added 
dropwise until the pH stabilized at 7.5. This solution was then frozen and lyophilised 
over 2 days using an Alpha 2-4 LD plus freeze dryer (Christ). (Purification process 
done by Leo Stevens, University of Wollongong).  
 
 RGD- Modification of Purified Gellan Gum (RGD-GG) 4.2.3.3
RGD peptide was coupled to purified GG using a using the protocol detailed in 
Ferris et al. [358]. Briefly, a 1% (w/v) solution of NaGG was prepared in a 50 mM 
solution of 2-(N-morpholino) ethane sulfonic acid (MES) buffer (Sigma) adjusted to 
pH 6.5. A 0.3 M solution of EDC (Sigma) was formed in the same MES buffer and 
immediately transferred to the NaGG solution, followed by 50 µL of a 0.15 M 
solution of Sulfo-NHS (Sigma) in MES buffer. The solution was vortexed for 15 
minutes at 37 ºC. A short peptide (GGGGRGDSY, 95%, Auspep) was added to 
convert 1% of available carboxylate groups and the mixture was kept overnight at 37 
ºC. The solution was purified by dialysis against ultrapure water over 5 days using 
Slide-a-Lyzer mini dialysis devices (0.1 mL, MWCO 10 kDa, ThermoScientific). 
The dialysed product was frozen and lyophilised for 2 days using an Alpha 2-4 LD 
plus freeze dryer (Christ), sealed and stored at 4 ºC. Prior to cell encapsulation, the 
freeze dried RGD-GG was dissolved overnight at 60 ºC in Milli-Q water (18.2 MΩ) 
to form a 1% (w/v) solution. (RGD modification process done by Leo Stevens, 
University of Wollongong).  
 
Each hydrogel material has their own preparation protocol, which will be discussed 
in more detail in the next sections, however encapsulation of cells into all of the gels, 
shared three main steps: 
 
• Material preparation 
• Cell preparation  
• Hydrogel formation (crosslinking procedure) 
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Overall, there are critical steps shared in these protocols such as ensuring the 
consistency of all solutions, ensuring cells are evenly distributed in the pre-polymer 
solution and that the solution is well mixed after the addition of the cross-linker 
solution. Failing to ensure this can lead to clumping of cells or variations in the gel 
throughout the 3D scaffolds. 
Three different concentrations of GG and GG-RGD were tested (0.075 %, 0.15 % 
and 0.5 %) for cell encapsulation as well as to investigate the ability to maintain gel 
structures while manipulating the gel.  
 
 Scanning Electron Microscopy (SEM) of hydrogels. 4.2.4
SEM studies of the collagen, GG and GG-RGD samples were carried out using the 
JSM-6490 LV Scanning Electron Microscope installed at the Electron Microscopy 
Centre (EMC, University of Wollongong). The gels (with and without cells) were 
fixed with 3.7% paraformaldehyde (PFA) for 30 min followed by three 5 min rinses 
in PBS prior to freeze-fracturing which was done by immersing gels in liquid 
nitrogen for 60 sec and then fracturing them using a cold razor blade. Fractured gels 
were examined at magnifications of 500, 800 and 1500× using secondary electron 
imaging (SEI) mode at 15 KV and 10 mm working distance.  
 
 Diffusion Studies  4.2.5
Diffusion of solute into and out of the gels was characterized using a similar method 
to that applied by Li et al. [359]. Here a stable and highly soluble biological 
macromolecule, bovine serum albumin BSA, fluorescently labelled, (FITC-BSA) 
[360] was used at 200 µg/mL. Three replicates of 1 cm high x 0.5 cm diameter 
cylindrical hydrogels (GG and GG-RGD) were soaked in solutions containing the 
FITC-BSA (Sigma) in distilled H2O (dH2O). The uptake of the protein was 
calculated after collecting the solution and measuring the reduction of solute over 
time until equilibrium was reached. The FITC-BSA concentration was determined 
using a micro-plate reader (Fluostar Omega, BMG Labtech) by comparison with a 
standard curve. The vials containing the hydrogel cylinders were maintained at a 
constant temperature of 37 ºC in a shaking water bath. Then at the appropriate time 
(0, 30, 60 120, 180, 240, 480 1440 and 2880 min), two replicates of 50 µL of 
solution (FITC-BSA) were transferred to a black 96 well plate, which was then 
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transferred to the plate reader and fluorescent measurements taken using excitation 
filter of 485-512 nm and emission filter of 520 nm (Figure 4.2). 
 
Figure 4-2. Schematic of the process used to determine FITC-BSA protein diffusion into the 
gel. A) Gels soak in solution containing FITC-BSA in dH2O. B) Transfer of solution into 96 
well plate. C) 96 well plate is transfer to a plate reader where fluorescent measurements were 
taken. 
 
To measure release of the FITC-BSA from the gels, cylindrical gels were submerged 
in solution containing FITC-BSA (250 µg/mL). Aliquots of solution at specific time 
points were transfer to a 96 well plate, which was then measured using the plate 
reader, to determine that uptake had reached equilibrium. The subsequent release was 
calculated after soaking the gels containing FITC-BSA in fresh dH2O, and taking 
fluorescence measurements at similar times using the same excitation and emission 
filters as for the uptake. Diffusion coefficients of FITC-BSA GG and GG-RGD 
cylindrical gels were calculated using a nonlinear regression method containing the 









!!!!!!        (1) 
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Ct = Concentration of the solute in the bath at the time t (g/cm3). 
C∞ = Concentration of the solute in the bath at equilibrium (g/cm3). 
C0 = Concentration of the solute in the bath at t = 0 (g/cm3). 
∝= K x (bath solution volume)/(gel solution volume). 





 Cell encapsulation 4.2.6
Both primary cells and cell lines were encapsulated within 3D structures using 
collagen, GG and RGD. The solutions and cross-linkers used were prepared and 
maintained on ice (for collagen) and sterilized, in the case of GG and GG-RGD, prior 
to cell encapsulation (by passing the solutions separately through 0.2 µm filters, 
Millipore). 
 
Collagen was crosslinked according to manufacturer’s instructions and 
recommendations. Importantly, the cell volume should not exceed 10% of the total 
volume of the gel or gelation would not occur. For these experiments, 400 µL of 
collagen was mixed with 100 µL of 5x DMEM, 12.5 µL of Neutralization solution, 
2% of B27 supplement (10 µL) and 40 µL of cell suspension obtaining a final cell 
density of 1x106 cells/mL. The solution was carefully mixed with a 1 mL pipette tip 
until an even cell distribution was observed. This was done with precaution to avoid 
the presence of bubbles in the final gel structure. 50 µL of the cell/collagen solution 
was directly pipetted onto the bottom of a 6 well plate and then gels were allowed to 
crosslink at 37 ºC in a humidified 5% CO2 atmosphere for 3-5 min prior to the 
addition of Complete Neurobasal media (Neurobasal media (Gibco), with 1% L-
glutamine (Sigma), 2% B27 neural supplement (Gibco) and 1% P/S). Samples were 
then maintained in Complete Neurobasal media in a humidified atmosphere. 
 
The co-culture cell encapsulation (NSC-34 and primary myoblast cells) on collagen 
were prepared by mixing primary myoblast at a concentration of 30, 000 cells/ml 
with NSC-34 at a concentration of 5,000 cells/ml. The cells were mixed and re-
suspended in a 10% media (the differentiation media previously established in 
section 2.2.3) of the total volume of the gel. Media was changed every two days. 
These initial cell densities were based on the work completed in chapter two, 
however they may require further optimization.  
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GG or GG-RGD solution and the cross-linker (1 M CaCl2) were warmed to 37 ºC in 
a water bath (GG crosslinking protocol based on Ferris et al. [230]). A cell 
suspension was mixed in a 1:1 ratio with GG or GG-RGD solutions to obtain a final 
cell density of 1x106 cells/mL and a final GG or GG-RGD concentration of 0.5% 
(w/v). The mixture was carefully triturated with a 1 mL pipette tip until an even cell 
distribution was observed. 50 µL aliquots of cells suspended in GG or GG-RGD 
were directly pipetted onto the bottom of a 6 well plate. To crosslink the deposited 
GG and GG-RGD a 5 µL drop of the cross-linker solution (1 M CaCl2) was added 
onto the samples. The gels were allowed to crosslink at 37 ºC in a humidified 5% 
CO2 atmosphere for 3-5 min prior to the addition of Complete Neurobasal media 
(Neurobasal media (Gibco), with 1% L-glutamine (Sigma), 2% B27 neural 
supplement (Gibco) and 1% P/S). Samples were then maintained in Complete 
Neurobasal media in a humidified atmosphere at 37 ºC with 5% of CO2 with media 
changes every other day.  
 
 Bioprinting 4.2.7
Printing of cortical neurons was achieved using a simple, hand-held printing process 
using two different ionic cross-linkers, 1 M CaCl2 or (5x) DMEM. The fully 
assembled system (Figure 4-3 A) was programmed to deliver cross-linker solution at 
a rate of 0.1 mL/min and manual depression of the bio-ink/cell syringe yielded solid 
hydrogel structures, captured in a receiving well plate. Prior to printing, the 
equipment was sterilized by rinsing with 70% ethanol and transferred to a biosafety 
cabinet. A Luer-locking coaxial needle tip (Rame Hart) with inner diameter 0.2 mm 
and outer diameter 1 mm (Figure 4-3 B) as well as a 45 cm line of silicone tubing 
were rinsed with sterile H2O and dried under N2. The bio-ink/cell suspension and 
cross-linker solutions were transferred aseptically into separate 10 mL Harpool Luer-
lock syringes. The cross-linker syringe was connected to the outer ring input of the 
printing needle via silicone tubing and then loaded into a KD Scientific computer-
controlled screw syringe pump. The biopolymer-loaded syringe was attached directly 
to the inner diameter input of the coaxial syringe tip. Lines were then manually 
primed in preparation for printing.  
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Figure 4-3. Hand-held reactive bathless printing. A) Cell printing system inside a biosafety 
cabinet. B) 3D printed structure and schematic diagram of the extrusion tip.  
 
 Live/dead staining of encapsulated cortical neurons 4.2.8
Standard calcein/propidium iodide assay was used to estimate the percentage of 
live/dead cells. Calcein AM solution was added to samples at a final concentration of 
5 µM and incubated at 37 °C for 10 min. Propidium iodide (PI) was added at 1 
µg/mL and incubated for a further 5 min before rinsing and imaging using confocal 
microscopy. Using this protocol, living cells are stained with the green fluorescent 
marker calcein and dead cells with red PI. Living and dead cells were counted using 
Fiji (Image J) software [363]. Briefly, Z-stacks of 50-90 µm in height were flattened, 
and the green and red channels analysed separately to determine numbers of live and 
dead cells. Each experiment was repeated four times, with two internal replicates, so 
each point represents the average of 8 samples.  
 
 Immunofluorescence staining of cortical neurons in 3D 4.2.9
The primary cells in 3D were fixed with 3.7% (w/v) PFA for 30 min, followed by 
three PBS washes of 10 min each, then permeabilization and blocking was performed 
simultaneously by using 0.3% (v/v) Triton X-100 with 10% (v/v) donkey serum in 
PBS for 2 h. After blocking, cells were washed three times for 15 min in PBS 
followed by incubation in rabbit anti-GFAP (Millipore) which stained for astrocyte 
cells and mouse anti-β-III-tubulin (Covance) antibodies for neurons in PBS with 
10% (v/v) DS/PBS overnight at 4 °C. This was followed by 3 washes with PBS (15 
min each), followed by addition of the secondary antibodies (Alexa Fluor 488-
conjugated donkey anti-mouse, Alexa Fluor 594-conjugated goat anti-rabbit (Life 
Technologies) and 10% (v/v) DS in PBS. After a 3 h incubation with secondary 
antibodies, DAPI (Molecular probes) was added to the solution, and incubated for a 
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further 30 min. Finally, the cells were washed three times 10 min each in PBS and 
mounted on custom made cover slips using ProLong Gold Antifade Reagent and 
imaged using a Leica TSC SP5 II confocal microscope. For gellan gum (GG) and 
GG with a peptide modification (RGD), the PBS used was supplemented with 5 mM 
CaCl2 to prevent gel dissolution. 
 
 Microscopy 4.2.10
Images were capture similarly as in Chapter 2 section 2.1.14. However, in this 
section the Z positions (Z-volume) were chosen depending on the hydrogel 
thickness, consequently-stacks were generated. In similar manner the sequential 
mode was used to captures the images. To display the 3D images, the projection tool 
(one channel at the time) was applied. The resulting color-coded images represent the 
fluorescence intensity of this channel across the numerous z-stacked layers. Colour is 
assigned to each layer based on z- position in the gel, and the highly colourful 
images demonstrate that the cells are distributed in 3 dimensions throughout the 
entire gel (Figure 4-4).  
 
 
Figure 4-4. Confocal microscope images (depth decoding) of neuronal 3D culture models. 
Colour decoding for the depth of the cells in the collagen gel along the Z-axis is given (0-100 
µm). Different colours represent the different planes along the Z-axis. Scale bar represents 
50 µm. 
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 Data analysis of cortical neurons in 3D 4.2.11
The image analysis of the cortical neurons encapsulated in gels (3D) was done using 
ImageJ (or a newer version called Fiji) computer software [364]. This method is still 
the most prevalent method for biologists to observe 3D data sets, probably due to its 
simplicity [365]. Here, the 3D images obtained from the confocal microscope (z –
stacks) were transferred to ImageJ. The images (s-stacks) were opened with Fiji 
software, followed by the module Simple Neurite tracer, where the traces on the 
neuronal cell extensions including neurites, filopodia and lamellipodia were 
completed. 
 
Although in neurite extension studies, a neurite is not considered a neuronal process 
unless it is of a certain size, for the purposes of the collection of this data all neuronal 
cell extensions, whether or not where consider a neuronal process were analysed for 
both number and length.  The reason for inclusion all type of neuronal cell extension 
was that the main purpose of collecting this data was to determine the difference 
between cells cultured in 2D versus 3D. It was not intended for this data to be limited 




The difference between cells cultured in 2D versus 3D can be observed visually 
using immunostaining. However, here the benefits of 3D cell cultures are 
demonstrated specifically by comparing neuronal length and the number of neuronal 
processes of cortical neurons in 2D versus 3D culture environments. 
 
 Cells in 2D 4.3.1
Cortical neurons and muscle cells were cultured for 10 and 7 days, respectively 
(Figure 4-5). The immunostaining results indicated that our primary cell cultures had 
a mixed population of neurons and astrocyte cells as shown by the staining for β-III 
tubulin (cortical neurons) and GFAP (astrocyte cells) (Figure 4-5 C-D). Also, muscle 
cells were immunostained using desmin (Figure 4-5 G-H). The immunostaining 




Figure 4-5. Cell culture in 2D. A-B) Bright field images of cortical neurons after 10 days on 
glass coverslips (2D), scale bars represent 40 µm. C-D) Cells immunostained with β-III 
tubulin (red) for cortical neurons, GFAP for astrocyte cells (green) and DAPI for cell nuclei 
(blue), scale bars represent 20 and 50 µm respectively. E-F) Bright field images of muscle 
cells after 7 days on glass coverslips. Scale bars represents 200 µm. G-H) Muscle cells 
stained with desmin (red) and DAPI for cell nuclei (blue). Scale bars represent 40 µm. 
 
 Data analysis of cortical neurons in 2D 4.3.2
To perform analysis of cell morphology in 2D, MetaMorph software (Molecular 
Devices) was used to automatically detect the neurite length and number [52, 366, 
367]. The Neurite Outgrowth application module was used on one of the channels of 
the immunostaining (cortical neuron cytosol channel –red) as shown in the Figure 4-
6. After defining the cell bodies (indicated by the coloured circles in Figure 4-6 C), 
the minimum intensities and the maximum neuronal width the computer displays an 
overlay of the best fit on all neuronal cell extensions, including neurites, filopida and 
lamellipodia, as shown in Figure 4-6 D. The neuronal cell extensions detection and 
analysis were also performed using the Neurite Outgrowth analysis module. The 
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neuronal marker, β-III tubulin was analysed as well as cell bodies (using DAPI). The 
cell bodies were specified to have a 50 µm diameter with a minimum area 300 µm2, 
and pixel intensities 500 ±100 units above the local background (however this value 
was varied between 400 and 600, depending on the staining). For the purposes of the 
MetaMorph program, all extensions to a maximum width of 10 µm and pixel 
intensities 50±10 units above the local background of the object were measured.  
These extensions included filopodias, lamellipodia and neurites. The data indicates 
that the automated Neurite Outgrowth application module can be used to quantify the 
neuronal cell extensions.  
 
 
Figure 4-6. Neuronal cell extensions analysis of cortical neuron cultures in 2D. A) Cortical 
neurons immunostained with β-III tubulin (red), GFAP (green), and DAPI (blue). B) Image 
(500x) of Neurons (β-III tubulin channel) used for the analysis. C) Display image of 
MetaMorph software showing nuclei of different cells and their respective neuronal cell 
extensions. D) Overlay image of the nuclear segmentation, cell body and outgrowth on the 
original image. Scale bars represent 40 µm. 
 
Furthermore, the software generates a table containing the number of neuronal cell 
extensions and their length. Figure 4-7 illustrates a sample of data obtained from 
MetaMorph. The data was transferred to Excel to generate the graph (Figure 4-7), 
which indicated the neuronal cell extensions lengths. The results show that neuronal 
cell extensions length from cortical neuron cultures in 2D have an average length of 
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22 ±10 µm, with an average number of neuronal cell extensions per cell equal to 5 
±1.”  
 
Figure 4-7. Sample data obtained from one image where neuronal cell extensions outgrowth 
was obtained using MetaMorph software. The table contains total outgrowth, neuronal cell 
extensions number and length per cell. The graph is the representation of the 12 values from 
the table (neuronal cell extensions length).  
 
 3D cell culture  4.3.3
The choice of biomaterial is an important element whenever culturing cells in 3D; it 
is essential that biomaterials have a strong but porous internal structure to which cells 
can attach, differentiate and proliferate as well as performed many other cell 
functions. [250, 368]. In the next section, the internal architectures (porosity) of 
collagen, GG and GG-RGD using SEM technique are shown. Also, using diffusion 
studies it was demonstrated that a relatively large protein like bovine serum albumin 
(BSA) could diffuse into and out of two of the gels GG and GG-RGD, finalized with 
modelling of the diffusion using COMSOL software. 
 
 Collagen pore structure 4.3.3.1
The cross-sectional interior structure of collagen (type I) was examined using low 
vacuum scanning electron microscopy (SEM), using the freeze fracturing technique. 
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Figure 4-8 revealed an assembly of a heterogeneous porous structure throughout the 
entire gel with pore sizes ranging from 15 to 150 µm. Furthermore, it was observed 
that the smaller pores often connected with the larger macropores, which contained 
fibrous walls as shown in Figure 4-8 C.  
 
 
Figure 4-8. SEMs of cross-sections of fixed, freeze-fractured collagen showing pore sizes at 
500, 800 and 1500× magnification. Scale bars in represent 50, 20 and 10 µm respectively. 
 
 GG pore structure 4.3.3.2
An indication of the internal pore-structure of the GG gels using three different 
concentrations (0.075%, 0.15% and 0.5%) was obtained by using similar methods as 
above. The SEM images showed the three GG gel concentrations (0.075%, 0.15% 
and 0.5%) form porous networks. The gels showed a wide distribution of pore 
diameters ranging from 30 to 350 µm (Figure 4-9 A-B, D-E, G-H). Furthermore, in 
addition to the interconnected large macropores, smaller sized pores were observed 
in the wall regions connecting those macropores (1.5 to 5 µm) as shown in Figure 4-





Figure 4-9. SEMs of cross sections of fixed, freeze-fractured GG showing pore sizes. A-C) 
Cross-section of 0.075% GG. D-F) Cross-section of 0.15% GG. G-I) Cross-section of 0.5% 
GG. Scale bars in A, D, G represent 50 µm, in B, E, H represent 20 µm and C, F, I represent 
10 µm. 
 
 GG-RGD pore structure 4.3.3.3
Even though different natural and synthetic biomaterials have been used to 
encapsulate cells, some of them lack cell recognition sites, causing poor cell 
attachment and cell survival [369]. In order to improve their cell recognition, either 
surface or bulk modification can be applied to the biomaterials to achieved desired 
positive cellular interactions [370]. In this thesis GG with a peptide modification 
(RGD) was used in order to improve GG biological recognition since the RGD 
sequences was described at the cells’ attachment site [371]. 
 
Figure 4-10 demonstrates the pore-structure of the GG-RGD gels using the same 
concentrations as GG (0.075%, 0.15% and 0.5%). The SEM images revealed that the 
three GG-RGD gel concentrations (0.075%, 0.15% and 0.5%) also form a porous 
network, with a wide distribution of pore diameters ranging from 10 to 250 µm 
(Figure 4-10 A-B, D-E, G-H). Furthermore, similar to GG, GG-RGD has the walls of 
the large macropores connected with smaller pores (1.5 to 5 µm) as shown in Figure 
4-10 C, F, I.  
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Figure 4-10. SEMs of cross sections of fixed, freeze-fractured GG-RGD showing pore sizes. 
A-C) Cross-section of 0.075% GG-RGD. D-F) Cross-section of 0.15% GG-RGD. G-I) 
Cross-section of 0.5% GG-RGD. Scale bars in A, D, G represent 50 µm, in B, E, H represent 
20 µm and C, F, I represent 10 µm.  
 
Even though the interior structure of hydrogels have been analysed using SEM with a 
freeze-fracturing technique, the possibility remains that this process could affect the 
natural state of the hydrogel, nevertheless is still a widely accepted technique that 
provides viable information for the understanding of the hydrogel 3D internal micro-
structure. 
 
Furthermore, these SEM results are consistent with literature reports which describe 
interconnected porous networks with an obvious wide range in pore sizes [224, 372] 
suggesting that the gels, GG and GG-RGD, have sufficient porosity for nutrient and 
waste diffusion. However, these suggestions were further tested by probing the 
diffusion and release of the BSA protein (next section). Different gel concentrations 
were analyzed but the 0.5% (w/v) gel concentration was chosen to investigate 
diffusion and cell encapsulation due to its ability to maintain gel structures while 
manipulating the gel. 
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 Diffusion of BSA through gels 4.3.3.4
Here, the diffusion of fluorescently labelled BSA into and out two of the hydrogels 
(0.5% GG and GG-RGD) was investigated using the non-steady state diffusion 
model (Li et al [359]) and then was represented using COMSOL modelling. The 
purpose of the diffusion studies in this section was to compare the effect of the 
peptide modifications (RGD) on GG. For this reason, no diffusion studies were 
performed on collagen gels. 
 
The results show that BSA uptake reached equilibrium by 48 h in both hydrogels as 
shown in Figure 4-11 A. The subsequent release appeared to be slower than the 
uptake (Figure 4-11 B); there was a release of ~10% of the solute by 120 min, 
followed by a linear release profile over the next 46 h. The diffusion coefficients 
were calculated to be 5.78 x 10-7 for GG and 5.15 x 10-7 cm2/sec for GG-RGD which 
were 60 % slower than BSA diffusion in water, which has been reported to be 9.64 x 
10-7 cm2/sec [359]. Statistical analysis was performed on the calculated diffusion 
coefficients of GG and GG-RGD. The results of the statistical analysis (Student’s t-
test) indicated that there was not a statistically significant difference between the two 
DC. Therefore, we concluded that the RGD modification did not have a significant 
impact on the porosity. 
Confocal imaging of a z-stack within the gel was chosen to visualize the FITC-BSA 
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Figure 4-11. Diffusion of FITC-BSA from solution into and out of GG-RGD gels. A) 
Uptake of BSA into a GG-RGD gel is shown by the reduction in fluorescence of FITC-BSA 
in the soaking solution (dH2O). B) Release of BSA from GG-RGD gel. C) Confocal images 
of FITC-BSA uptake into GG-RGD gel at 0, 1 h and 3 h. Scale bars represent 300 µm.  
 
Furthermore, finite element modelling (COMSOL) was used to demonstrate that 
BSA diffuses through the entirety of the gels (GG and GG-RGD) [174, 354]. The 
modelling in Figure 4-12 shows the diffusion of BSA in GG-RGD using a 2D 
axisymmetric images containing 2 domains: hydrogel (small rectangle) and solution 
(large rectangle) until they reached equilibrium. Data points are 0, 0.5, 1, 3, 6, 12, 24 
and 48 h (equilibrium) and data is normalized between concentrations at specific 
time points and the final concentration (Ct/C). (COMSOL modelling was done by 




Figure 4-12. Finite element model of BSA diffusion in GG-RGD gel using COMSOL 
Multiphysics 5.0: 2D axisymmetric; 2 domains: hydrogel (small rectangle) and solution 
(large rectangle) until equilibrium was reached over the time period indicated.  
 
 Cells in 3D Collagen gels  4.3.4
Here, cortical neurons were cultured in collagen (type I) as per manufacturer 
specifications. Encapsulated cells were visually monitored every day for 5 days. The 
results indicate that by the second and third day cells appear to have similar 
morphology as described in the literature [373] where the neuronal extensions extend 
in all directions, when compared to the cells in 2D cultures (Data in section 4.3.2). 
However, in this case after the fourth day, cells started to form large clusters as 
observed in Figure 4-13 C. 
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Figure 4-13. Cortical neurons encapsulated in collagen after 1, 3 and 5 days of culture. A-C) 
Bright field images of cortical neurons encapsulated in collagen without B27 supplement at 
1, 3 and 5 days respectively. Scale bar represents 50 µm (A, B) and 200 µm(C). Arrows 
indicated neurites. 
  
After troubleshooting, the problem was addressed by implementing regular media 
changes as well as adding B27 supplement to the gels. A final concentration of 2% 
B27 supplement was added to the gels prior to gelation and an equivalent amount 
added to the cortical differentiation media. As a result, cells were able to survive for 
a longer period of time without forming clusters (Figure 4-14), displaying a more 
uniform neuronal network. Cells were cultured for 10 days, then they were fixed and 
immunostained. Immunostaining was followed by confocal imaging as shown in 
Figure 4-14. The immunostaining images show that cells in collagen expressed the β-
III tubulin marker. Also, similar to reported data, cells exhibited in vivo like somatic 
morphologies with higher number of process as well as longer outgrowth per cells 
when compared to cell culture in 2D [368]. The cultures were mixed cultures 
containing neurons and astrocyte cells, however minimal astrocyte cell survival was 
observed (Figure 4-14 A). This could be attributed to two factors: the media used for 
cell cultures, which has been reported to influence glial survival population [374] or 
the gel itself. 
 
Additionally, encapsulated cortical neurons displayed typical spherical somas with 
processes extending throughout different layers of the scaffold [368]. This was 
demonstrated by the confocal microscope 3D projection tool (colour depth-coding) 
in one of the immunostaining channels (β-III-tubulin channel). The resulting colour 
coded images (Figure 4-14 B) represent the fluorescence intensity of this channel 
across the numerous z-stacked layers. Colour is assigned to each layer based on z-
position in the gel, and the highly colourful image presented here demonstrates that 
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the cortical neurons are distributed in 3D throughout the entire collagen gel. Finally, 
it can be observed that cells were distributed randomly and that processes extended 
in planes different that the one of the cell bodies.  
 
 
Figure 4-14. Development of 3D encapsulated primary cortical cell networks after 10 days 
in collagen (with B27 supplement). A) Side-by-side comparison of three fluorescence 
channels and an overlay of all three for cortical neurons encapsulated in collagen. Cell nuclei 
(DAPI, blue, top left), astrocyte cells (GFAP, green, top right), and cortical neurons (β-III 
tubulin, red, bottom left). Scale bars represent 100 µm. B) Confocal microscope images 
(depth decoding) of neuronal 3D culture models. Colour decoding for the depth of the cells 
in the collagen gel along the Z-axis is given (0-100 µm). Different colours represent the 
different planes along the Z-axis. Scale bar represents 50 µm  
 
 Cells in 3D GG and GG-RGD 4.3.5
Similar to collagen, cells encapsulated in GG (Figure 4-15), expressed the neuronal 
marker β-III tubulin (red), with the difference that GG supported the growth of 
astrocyte cells (green) as observed in Figure 4-15 A. Like the collagen, neuronal cells 
in GG exhibited cell morphologies typical of differentiated neurons were cell bodies 
are more spherical like [368]; extending processes throughout the gels in the x, y and 
z planes. Nevertheless, the cells were able to survive after 10 days; they displayed 
clusters and a less dense neuronal network when compared to neuronal networks 
formed in collagen gels (section 4.4.4). This can be seen in more detail in the colour 
coded images (Figure 4-15 B). 
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Figure 4-15. Development of 3D encapsulated primary cortical cell networks after 10 days 
in GG. A) Side-by-side comparison of three fluorescence channels and an overlay of all three 
for cortical neurons encapsulated in GG. Cell nuclei (DAPI, blue, top left), astrocyte cells 
(GFAP, green, top right), and cortical neurons (β-III tubulin, red, bottom left). Scale bars 
represent 100 µm. B) Confocal microscope images (depth decoding) of neuronal 3D culture 
models. Color decoding for the depth of the cells in the GG gel along the Z-axis is given (0-
65 µm). Different colors represent the different planes along the Z-axis. Scale bar represents 
50 µm. 
 
Figure 4-16 shows the encapsulation of cortical neurons in GG-RGD [174, 354]. In 
contrast to the GG, neuronal cells not only remained viable within the GG-RGD gels, 
but also exhibited cell morphologies typical of in vivo-like [368] (spherical somas), 
and formed a denser neuronal network and more evenly distributed (with less 
clumps) when compared to the cortical neuron cultures in GG. Also, the GG-RGD 
supported the growth of astrocyte cells (Figure 4-16 A), which were absent in 
collagen encapsulations (Figure 4-14). With this result we can deduce that the 
minimal growth of astrocytes in collagen gel was caused by the gel itself rather than 
the media as the same media was used for GG and GG-RGD gels. Finally cortical 
neurons extended processes several hundred micrometers in length throughout the 
gels in the different planes (X, Y, Z) as shown in Figure 4- 16 B.  
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Figure 4-16. Development of 3D encapsulated primary cortical cell networks after 10 days 
in GG-RGD. A) Side-by-side comparison of three fluorescence channels and an overlay of 
all three for cortical neurons encapsulated in GG-RGD. Cell nuclei (DAPI, blue, top left), 
astrocyte cells (GFAP, green, top right), and cortical neurons (β-III tubulin, red, bottom left). 
Scale bars represent 50 µm. B) Confocal microscope images (depth decoding) of neuronal 
3D culture models after 10 days of culture. Color decoding for the depth of the cells in the 
GG-RGD gel along the Z-axis is given (0-67 µm). Different colours represent the different 
planes along the Z-axis. Scale bar represents 50 µm. 
 
 Data analysis of cortical neurons in 3D 4.3.6
Neural tracing of cells in 3D was done using the simple neurite-tracing module of 
Fiji (image J) software (National Institutes of Health, Bethesda, MD). The tracing in 
this software is done manually compared to the 2D analysis, which was performed 
automatically using MetaMorph software. Figure 4-17 is an example of neuronal 
extensions quantification and the measurement of their extensions from 5 cells from 
the same gel.  
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Figure 4-17. Neuronal cell extensions length analysis of cortical neuron cultures in 3D. 
Display images of Fiji (ImageJ) software showing different cells and their respective neurite 
outgrowths. Scale bars represent 40 µm. 
 
Furthermore, after the desired neuronal cell extensions outgrowths were traced, the 
paths of each extension were identified as showed in Figure 4-18 A (i.e. cell 1 has 
paths 0 – 9) and counted. This data provides the neuronal cell extensions length and 
the number of branches from each cell (Figure 4-18 B). The results indicated that cell 
culture in 3D has the capability to grow neuronal extensions up to 14 ± 5 µm as long 
as 50 ± 15 µm. 
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Figure 4-18. Neuronal cell extensions length analysis of cortical neurons in 3D using Fiji 
(imageJ) software. A) Sample data obtained from one image where neuronal cell extensions 
outgrowth was obtained. The table contains the neuronal cell extensions tracing of 5 cells in 
3D. B) The graph is the representation of neuronal cell extensions length of the 12 cells. 
 
 2D versus 3D  4.3.7
Although in neurite extension studies, a neurite is not considered a neuronal process 
unless it is of a certain size (usually at least 1.5 times the cell body length [375]), for 
the purposes of the collection of this data all neuronal cell extensions, whether or not 
where consider a neuronal process were analysed for both number and length. The 
reason for inclusion of all types of neuronal cell extensions was that the main 
purpose of collecting this data was to determine the difference between cells cultured 
in 2D versus 3D. It was not intended for this data to be limited to analysing a 
particular type of neuronal extension. 
 
The neuronal cell extensions length and number of the cells cultured in the 3D 
models (collagen type I) were quantitatively compared to their counterparts grown in 
the 2D models (glass coverslips). Cells on 2D and in 3D were cultured for 7 days, 
then cells were immunostained and imaged using Confocal microscopy. The 
neuronal cell extensions length and number were counted using MetaMorph program 
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[376]. A comparison of neuronal cell extensions lengths indicated that cells in 3D 
have longer extension when compare to those in the 2D models (Student's t test with 
95% confidence). Additionally, the numbers of processes originated from the soma 
also improved for cells cultured in the 3D models by increasing in number. The data 
displayed in Figure 4-19 was obtained by comparing 12 cells. For both 2D and 3D, 
cells were chosen from the centre of images in order to avoid using incomplete 
neuronal cell extensions that could potentially have their axons extended out the 
image frame. 2D and 3D cell were chosen from 3 experiments (n=3). The data shows 
that cortical neurons cultured in 3D spread more, as well as having longer neuronal 
cell extensions (46 ± 15 µm) compared to the 2D models (22 ± 10 µm). This data is 
consisted with literature reports [377, 378]. Furthermore, the cells in 3D showed 
more neuronal cell extensions (14 ±5,) that their counter parts (5 ±1). The significant 
morphological differences between 2D and 3D cells were observed on day 7. 
 
Figure 4-19. Comparison of cortical neuron culture in 2D and 3D in vitro models. A) 
Average of cortical neuronal cell extensions length per cell in 2D and 3D. B) Average of the 
number of neuronal cell extensions per cell in 2D and 3D. The quantification from both 2D 
and 3D was done on 12 cells in total, 4 from each of 3 different experiments (n=3). Error 
bars represent standard deviation. * indicates a statistically significant difference between 2D 
and 3D (p ≤ 0.05) by Students t-test. 
 
 Application of 3D cell encapsulation: developing a 3D brain layer 4.3.8
structure.  
Most cell culturing systems do not accurately replicate the layered architecture that 
occurs in tissue. The development of an appropriate in vitro model of the brain is a 
big challenge, due in part to the difficulties associated with creating detailed three 
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dimensional (3D) cell loaded regions in a layered architecture [379-386]. Beyond 
simple casting techniques [387, 388], researchers have traditionally attempted to 
replicate 3D tissue constructs of brain layers using silk scaffolds [385], PDMS 
micro-chambers [383] and microfluidics [389, 390]. These techniques are limited in 
replicating the actual brain structure, as the resulting tissue model does not represent 
the complex in vivo organization. For example, many of these methods build along a 
transverse or axial plane (Figure 4-22 A, B, C) contrary to the natural brain 
architecture which consists of layers in a medial or sagittal plane (Figure 4-22 D, E). 
Stand-alone artificial brain-like models would enable an improved understanding of 
the complex electrophysiology of the brain as well as neuronal regeneration and 
repair (neuroplasticity). Such a model could also be used to perform preliminary 
evaluation of new therapeutic treatments. Furthermore, a functional 3D layered 
model could be used to probe multi-layered neural circuits, enabling a better 
understanding of traumatic brain injuries (TBI) as well as the basis of physiological 
learning and memory [387-393].  
 
 
Figure 4-20. Schematic representations of in vivo and in vitro brain layer structures. A-D) 
Bioengineered representation of brain-like structures using different methods. A) 
Microfluidic casting can produce 6 layers of differing contents, however is restricted to 
horizontal configurations in PDMS chips (modified from ref. 2). B, C) Other casting 
methods have attempted to form brain-like structures in 3D cylindrical shapes  (modified 
from ref. 1). D) Proposed design for ideal stand-alone free-formed artificial brain-like 
structures. E) A representation of the 6 layered brain architecture found in the human cortex. 
Image modified from http://www.imagequiz.co.uk/quizzes/10309002. 
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 Viability analysis of printed primary cells 4.3.9
After testing the cell viability and behaviour of cortical neurons in the bio-ink (GG-
RGD), cells were suspended in GG-RGD gels, the results (Figure 4-14) confirmed 
that the RGD peptide supported and enhanced primary cortical adhesion and 
differentiation compared to that of unmodified GG (Figure 4-13). Confocal 
microscopy of immunostained cells revealed that after 10 days, this demonstrated 
that the gels exhibit sufficient mechanical support to maintain the cells in 3D, but 
also sufficient porosity for nutrient and waste diffusion, and for cell growth and 
neurite extension. Also it demonstrated that GG-RGD gel, can be used as a platform 
for the production of viable 3D neuronal networks, in which acceptable survival, 
morphology and differentiation of neurons and excellent support for astrocyte cells 
(Figure 4-15) can be obtained. The 0.5% (w/v) GG-RGD gel was chosen to 
investigate printing of encapsulated primary cells as it was best candidate for 
production of 3D structures. This was due to its ability to maintain cultured cells in a 
viable and differentiated state, and that this concentration provided the optimal flow 
for printing coherent gel structures while retaining shape. However, free standing 
long height ratio structures were not possible indicating that crosslinking (5 x 
DMEM) may not have been sufficient to build these free-standing multilayered 
structures. As an alternative, a higher concentration of CaCl2, (the divalent cation 
that is primarily responsible for cross-linking of the gel), than is present in DMEM 
was examined as a cross-linking agent. Both neurons and glial cells are known to be 
more susceptible to chemical buffers and to printing processes than cell lines [394], 
requiring us to perform a viability study, to minimize the duration of time over which 
neural cells were exposed to the high extracellular concentrations of CaCl2. 
 
Cell printing was carried out using a modification of that presented in reference 
[395]. Comparison of the viability of encapsulated primary cultures when exposed to 
both 5x DMEM and CaCl2 as cross-linking agents is presented in Figure 4-23. Cell 
viability was determined by differential staining of live (Calcein AM, green) and 
dead (propidium iodide, red) cells at 2 h, 3 days and 5 days after printing. An initial 
cell viability of 78-80% was determined immediately after dissection and derivation 
of the primary culture. After the cells were printed and incubated for 2 h, 74± 2% 
cell viability was calculated for the DMEM cross-linker, 73± 8% for gels crosslinked 
with CaCl2. After 3 days in culture, when printed samples crosslinked with DMEM 
 185 
and CaCl2 showed 73± 10% and 73± 6% viability respectively. At 5 days printed 
samples remained at 73± 8% in both cross-linkers, Printed samples crosslinked with 
CaCl2 therefore showed no significant differences from DMEM crosslinked samples 
(by Student’s t-test). We concluded that the printing process is compatible with 
primary cortical neurons and astrocyte cells and that GG-RGD is sufficient to protect 
the encapsulated cells from the shear pressure exerted during printing. Therefore, 
both DMEM and CaCl2 cross-linkers maintained cell viability at acceptable levels. 
However, CaCl2 was more suitable to produce free-standing structures. 
 
 
Figure 4-21. Viability of printed primary cortical neurons encapsulated in GG-RGD gel 
using different cross-linkers. A) Cortical neurons encapsulated in 0.5% GG-RGD gels were 
labelled with Calcein AM (green, live cells) and PI (red, dead cells) 2 h, 3 days and 5 days 
after the printing process. Scale bars represent 100µm. B, C) Time course for cortical cell 
viability after the bioprinting process with two cross-linkers. Cell viability using different 
cross-linkers B) 5 X DMEM and C) 1 M CaCl2 was assessed by staining with Calcein and 
PI, imaging and quantification using Fiji software. Each point represents the average of eight 
50 to 90 µm gel slices imaged by Confocal microscopy (n=8). The error bars indicate one 
standard deviation of the mean. 
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Furthermore, to validate that the printing technique could be used to create complex, 
layered and viable 3D cell structures, a 6-layered structure was printed using 0.5% 
(w/v) GG-RGD with different dye colours (blue, green and red) in each printed layer 
to ensure that the configuration could fuse together to form a solid structure while 
maintaining separated layers (Figure 4-24). Visual inspection showed that the layers 
remained distinct after printing, and that the addition of up to 5 subsequent layers did 
not compromise the structures of the bottom section. Secondly, cortical cell survival 
and axonal development was studied in the 3D brain layer structure after printing a 
three layered structure (Figure 4-24 D). The structure was made with a top layer 
consisting of 0.5% GG-RGD containing 1 x 106 cells/mL cortical cells, a middle 
layer with no cells and a bottom layer identical to the top layer. After 5 days the cells 
formed a neuronal network, with axons beginning to penetrate into the acellular 
middle layer as showed in Figure 4-24 F-G. Also, DAPI staining confirms that cells 
remained distributed through the printed layers and that neuronal cell bodies did not 
migrate to the lower layer. 
 
Figures 4-24 F and G suggest that the porosity of the gel is sufficient to allow 
nutrients and waste to diffuse through in order to keep cells alive and differentiating 
over 5 days of culture, as well as sufficient to allow neurite penetration through the 
gel across layers, while providing sufficient mechanical support to maintain the cell 
bodies in the initial printed layers. 
 
Overall results indicated that the bio-ink has the capability to contain and support 
growth and network formation of cells in specific layered structures, and that it is 




Figure 4-22. Printed brain-like layered structure. A) Solidworks representation of proposed 
brain-like layer structure. B-E) Printing process to create a brain-like structure, each colour 
represents a layer. F) Confocal microscope images (depth decoding) of neurons in different 
layers in a 3D culture model after 5 days of culture. Colour decoding for the depth of the 
cells in the bio-ink GG-RGD gel along the Z-axis is given (0-107 µm). Different colours 
represent the different planes along the Z-axis. G) Expanded view of the area from the 
square of F, showing an axon penetrating into the adjacent layer. Scale bars represent 100 
µm. 
 
 Towards co-cultures (nerve-muscle) in 3D 4.3.10
With the positive results of the encapsulation of neural cells (3D), muscle cells were 
cultured in 3D using collagen gels as the support matrix. Similar to the encapsulation 
of cortical neurons, here collagen was used as the initial material for muscle cell and 
co-culture encapsulation as collagen is one of the most selected materials in 
bioengineering for 3D in vitro studies of cell behaviour [348]. Ideally, the use of 
collagen was intended to function as a control, as on the basis of the extensive 
literature, the behaviour and morphology of cells in collagen could have been 
predicted and compared against GG and GG-RGD. However, regretfully this stage of 
experimentation was not completed due to time constraints. Nevertheless, in 
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accordance with the aims of this chapter, several methods of cell encapsulation using 
different cell types have been shown. The next section displays the results obtained 
from muscle culture in collagen in 3D.  
 
 Muscle cells in 3D  4.3.10.1
The primary myoblast cell line described in Chapter 2 Section 2.2.2.2 was 
encapsulated in collagen as in Section 4.4.3. The immunostaining results indicated 
that muscles cells in 3D were positive for the desmin marker as shown in Figure 4-
20. Also, Figure 4-20 shows that muscle cells were capable of differentiation and 
forming myotubes. This was confirmed by the presence of multinucleated muscle 
fibres.  
 
Figure 4-23. Muscle cell culture in 3D (collagen). A) Side-by-side comparison of two 
fluorescence channels and an overlay of the two for muscle cells encapsulated in collagen. 
Cell nuclei (DAPI, blue, top left), muscle cells (desmin, red, top right). Scale bars represent 
50 µm. B) Confocal microscope images (depth decoding) of muscle cells cultured in 3D 
after 7 days of culture. Colour decoding for the depth of the cells in the collagen gel along 
the Z-axis is given (0-50 µm). Different colours represent the different planes along the Z-
axis. Scale bars represent 50 µm. 
 
 Co-culture (skeletal muscle cells – motor neurons) in collagen  4.3.11
Finally, after culturing neuronal cells and muscle cells in 3D independently, the aim 
was to develop a 3D co-culture using muscle-nerve cells as described in Chapter 2 
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Section 2.2.3. In the next section, results of the first attempt to develop a 3D co-
culture system are presented. In this initial development phase, the NSC 34 cell line 
and skeletal muscle cells were used for the 3D co-culture model. These cell lines are 
easier to access and maintain than primary cells. Also, by using these cell lines in the 
initial stages of experimentation, more experiments could be performed before 
animals had to be sacrificed. This was preferable because at this stage of 
experimentation the main focus was to optimize cell densities and the ratio between 
muscle cells and motor neurons in order to form NMJ. The staining results from 
phalloidin staining, suggest that muscle cells differentiated and started to form 
multinucleated muscle fibres (Figure 4-21). It was also observed that motor neurons 
(NS-34 cells) formed clusters and after 5 days they started to extend neurites (Figure 
4-21 D-E). This result can be perceived clearly in the colour coded image Figure 4-
21 F. These initial results suggest that 3D co-cultures are possible, however more 
work it is needed to confirm proper NMJ formation.  
 
 
Figure 4-24. Co-culture of muscle cells (myoblast) and motor neurons (NSC-34) in 3D after 
5 days. A-C) Bright field images of co-cultures encapsulated in collagen, scale bar represents 
100 µm. D-E) Two Z-layers for cell staining with Phalloidin (green), DAPI (blue) and 
Bungarotoxin (purple). F) Depth colour decoding for the depth of the cells in the collagen 
gel along the Z-axis (0-50 µm) using the Phalloidin channel. Different colours represent the 
different planes along the Z-axis. Scale bars represent 100 µm. 
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4.4 Discussion  
 
Cell morphology, location and distribution in 3D in vitro models were analysed using 
immunostaining alongside confocal microscopy. Confocal microscope images (depth 
decoding) demonstrated the localization and organization of cells through the 
entirety of the 3D constructs, suggesting that cells in the centre as well as at the 
periphery of the scaffold received sufficient nutrients as a result of internal porosity, 
which allowed nutrients to flow in and out of the scaffolds. This was supported by 
the diffusion studies of the model protein FITC-BSA. Furthermore to demonstrate 
the porosity of the gels low vacuum SEM was used to probe the internal structure, 
which showed that gels contained an interconnected network of a wide range of pore 
sizes. In the case of GG and GG-RGD it was observed that the walls of the large 
macropores were connected with smaller pores (1.5 to 5 µm). This indicates that the 
porous internal structure of the gels may allow neuronal axons to extend throughout 
the gel more efficiently. Furthermore, it is posited that this porosity enhances oxygen 
diffusion as well as nutrient delivery and waste removal. In order to support these 
suggestions, protein diffusion studies were performed to demonstrate that a relatively 
large protein such as BSA (66 kDa) could diffuse through the entire gel. These 
results were modelled using finite element analysis models (COMSOL). The 
modelling is a visual representation of the BSA diffusion in the gels. Consequently, 
the porosity and diffusion results suggest that nutrients, oxygen as well as cellular 
waste can diffuse in and out of the gels. 
 
The colour decoding visualization based on confocal imaging demonstrated that 
cortical neuron cell bodies were located in different planes. Also, most neuronal 
processes grew out of the plane of the cell body and extended into the gel. 
Additionally, cells cultured in 2D were compared with cells grown in 3D. The cell 
culture in 3D used collagen (type I) as control due to its main role in maintaining the 
structural and biological recognition of most connective tissues, as well as its 
cytocompatibility, excellent cell adhesion, plus it is one of the most selected choices 
for in vitro studies of cell behaviour in 3D [348] as described in more detail in the 
introduction of this chapter. Furthermore, these experiments with collagen provided 
predictability and testability with respect to cell morphologies when cultured in 3D. 
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The results obtained from this comparison indicated that cells were morphologically 
different, indicated by higher numbers of longer processes from cells in 3D 
compared to their 2D counterparts. Furthermore, this difference was also observed 
within the hydrogels. For example astrocytes had a minimal growth within collagen 
when compared to GG-RGD. The astrocyte survival and growth could be attributed 
to the RGD peptide, as this small fragment has been found in most extracellular 
proteins as well as in laminin [396]. Furthermore, laminin has been shown to play a 
crucial role in cell migration, differentiation and axonal growth, indicating that the 
astrocyte survival was enhanced by the peptide [396].
 
The 3D printing study demonstrated a novel process to create a 3D brain-like 
structure consisting of layered primary cortical cells encapsulated in hydrogels, 
representing cortical tissue. Different crosslinkers of the GG-RGD gel were explored 
such as DMEM and CaCl2, and determined that while both cross-linkers supported 
similar cell viability by 5 days, CaCl2 produced crosslinked gels that better retained 
their printed structures. Viability of encapsulated cells after the printing process 
remained stable for 5 days regardless of the cross-linker used to produce the GG-
RGD gels. Importantly, no difference in viability or cell morphology was seen when 
comparing cells in printed structures, compared with non-printed (cast) controls, 
demonstrating that the shear forces generated during the printing process did not 
damage the primary cortical cells.  
 
Also, confocal microscopy images (depth decoding) demonstrated that there was no 
difference in localization or organization of cells thought the entire 3D construct, 
demonstrating that cells in the middle as well as at the periphery of the scaffold 
received similar nutrients as a result of internal porosity, which allowed nutrients to 
flow in and out of the scaffolds. Furthermore, given that cortical cells developed into 
3D neuronal networks in less than 5 days after the printing, constructs may 
appear similar to those observed in brain tissue consisting of discrete, although 
interdependent, brain regions [174, 354]  
 
The data validates that a simple extrusion printing technique and bio-ink (GG-
RGD) could be used to create contained, layered and viable 3D cell structures, with 
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the potential to organize cortical neuron subtypes in layered structures, using a 
process that could be performed in any cell culture laboratory. These brain-like 
structures offer the opportunity to provide a more accurate representation of 3D in 
vivo environments with applications ranging from cell behaviour studies, 
understanding brain injuries and neurodegenerative diseases to drug testing [347].  
 
It can be concluded that culturing cells (especially cortical neurons) in a 3D 
environment that mimics the tissue enables more cell to cell interaction to occur, 
changing the cell morphology and increasing the number of processes and length of 
neurites per cell. Therefore 3D cell culture more accurately mimics in vivo structure 
and should be used for future applications in tissue engineering [179, 183, 205, 214, 
215, 238, 397]. Also, these printed tissue-like models offer the opportunity to 
provide a more accurate representation of 3D in vivo environments with applications 
ranging from cell behaviour studies, understanding diseases to drug testing [174, 
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The data collected and analyzed in this thesis has aimed to investigate the 
development of 2D models to describe the positive effect of an external stimulation 
such as ES on the size and number of acetylcholine receptors available for NMJs. 
Also, it details the attempt to establish reliable 3D in vitro models that could replicate 
tissue. 
 
An extensive amount of work has been reported in the literature in terms of exploring 
the positive effects of ES on cells. For example, several in vitro and in vivo studies 
have been conducted using external ES to control cell behaviour. In addition, it has 
recently been shown that the formation and architecture of NMJs can be influenced 
by ES in vitro [257] and in vivo [298, 299] however, most of these stimulations relied 
on direct current which has been shown to generate faradic reactions allowing charge 
leakage through the electrodes, and compromising the safety of cells and tissues 
[258]. Therefore establishing a system that can deliver ES to cells and tissues, 
avoiding charge leakage and delivering optimized parameters such as current 
amplitude, pulse width and duration of stimulation, for safe and effective ES to 
achieved desired outcomes for different tissues types is needed. Chapter 2 addressed 
the feasibility of implementing a 2D in vitro muscle-nerve co-culture model to probe 
the effect of ES on the formation of NMJ. Also, this chapter determines the optimal 
parameters for ES of co-cultures and monocultures. It continues by assessing the 
possibility of investigating the use of electromaterials like the conducting polymer 
PPy/DBS as a coating material to enhance electrode biocompatibility.  
 
The work presented in this thesis adopted an innovative in vitro platform that was 
developed within our group. This consists of a flexible ES platform that provides 
direct and relatively equal ES to the entire cell population. It also allows the 
evaluation of different stimulation strategies to be assessed in parallel. COMSOL 
modelling confirmed that the nature of the in vitro electrochemical cell used for this 
work provide equal ES to the entire cell population. Additionally, it provides the 
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option to test several conducting materials, including metals such as gold and 
conducting polymers (in this case PPy/DBS) to deliver the stimulation.  
 
It was necessary for this work to develop a reliable co-culture system. To this end, a 
homologous model using primary mouse myoblast cells in conjunction with the 
motor neuron (NSC-34) cell line was developed. Chapter 2 describes how the 
different steps involved to achieve muscle differentiation and innervation by motor 
neurons were developed. This work required optimization of the cell densities as well 
as the cell culture media used for the co-cultures. The co-culture formation was 
assessed using immunostaining, SEM and Ca2+ imaging. The immunostaining and 
SEM results demonstrated that both motor neurons and muscle cells had the proper 
phenotype as a mono-culture as well as in the co-cultures. Also, it showed that motor 
neurons were capable of developing long processes on top of the differentiated 
muscle cells after 3 days in co-culture (7 days total culture). Additionally, the cell 
functionality of the mono-cultures (muscle and nerve) as well as the co-cultures were 
tested using Ca2+ imaging. It has been previously reported that muscle cells do not 
respond to glutamic acid stimulation whereas nerve cells do.  
 
The results obtained here support those reported by Fukazawa, 2013 [398] who 
showed that ES accelerated NMJ formation, by significantly increasing aggregation 
of AChR and the inhibition of neural outgrowth within the ES groups. The data 
obtained here supports Fukazawa’s hypothesis as it is also shown that ES has the 
capacity to significantly increase the AChR clusters available for neuromuscular 
junction formation. The data was obtained by a systematic optimization of the ES 
parameters (frequency, pulse amplitude and duration of stimulation) that delivered 
the maximum increase in numbers and sizes of AChR clusters under the tested 
conditions. The optimization was achieved by using well-established ES parameters 
as a base line, (consisting of biphasic pulses, with pulse width of 100 µs pulse, 
separated by a 20 µs phase) and optimising sequentially the frequency, current and 
stimulation time. The data indicated that the optimal conditions of those tested were 
250 Hz (frequency) with 1mA/cm2 (amplitude) for 8 h (duration of stimulation).  
After the stimulation parameters were optimized, different electrode materials were 
tested. Here the conducting polymer PPy/DBS which has been used extensively in 
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the literature to stimulate nerve cells was employed. The data here demonstrates that 
this material did not influence the effectiveness of the ES; however, taking into 
account the known versatility of the conducting polymer and our finding that it 
performed as well as gold demonstrates that further development of PPy as an 
alternative to traditional metal electrodes in this application is warranted. The 
PPy/DBS platform provides control over redox reactions at the electrode surface, due 
to polymer oxidation and reduction avoiding the generation of unwanted 
electrochemical reaction products. Additionally, the organic nature of this platform 
makes it an ideal surface to attach biomolecules such as agrin, laminin and/or 
encapsulate appropriate growth factors to enhance the therapeutic effect. 
 
Additionally, western blot was used as a semi-quantitative technique for monitoring 
increases in the protein-level expression of rapsyn and synapsin, which are post-
synaptic (myoblast) and pre-synaptic (nerve-associated) components of the NMJ. 
The results showed an increase in the expression of rapsyn in both co-cultures and 
muscle mono-cultures relative to the expression of the loading control β-actin. 
Synapsin I also increased in response to ES, however this was only detected in pure 
nerve cultures.  
 
This data takes us one step further towards the understanding of the effect of ES on 
muscle and co-culture models. The relevance of increasing the AChR number and 
cluster sizes using ES relies on a recent view based on the myocentric model of 
synaptogenesis, which states that muscles have a fundamental capacity to regulate 
NMJ formation independent of neural signalling [305, 399-401]. It is believed that 
during early embryonic development AChRs develop on muscles before arrival of 
the neurites, making AChRs a critical component of the postsynaptic apparatus 
[401]. From a therapeutic point of view this opens up the possibility to further 
enhance NMJ formation artificially by increasing aneural cluster formation on 
muscle. 
 
The human brain has remarkably complex functions; it controls movement, 
memories, and many other body functions [402]. These functions are accomplished 
using neuronal networks, which are made up of populations of neurons that send 
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signals between them until they reach their target. In order to deliver this signal, the 
neurons relay across physical gaps call junctions or synapses [403]. Furthermore, it 
has been shown that this communication is essential for the understanding of brain 
function as well as many neurological disorders [402, 404]. Previously published 
work has relied on electrophysiological measurements to ensure the functionality of 
cortical neurons in 2D and recently in 3D [313, 373, 405]. Patch clamping and multi-
electrode array (MEA) have been the most used tools to address this need. 
Unfortunately, the nature of the 3D models makes it extremely challenging to use 
either of these systems. The design and implementation of embedded recording and 
stimulating electrodes that will interact within the 3D ECM-cell matrix is still 
lacking.  
 
Chapter 3 attempts to answer the following questions: can a multi-electrode array 
(MEA) to measure electrophysiological activity from neurons and/or muscle cells be 
established? Can existing MEAs be modified to allow electrophysiological 
measurements from cells cultured in 3D? This chapter describes an attempt to 
develop an alternative modification to conventional planar MEAs to obtain 
electrophysiological recordings from cortical neurons in 3D, using a sieve type MEA 
(sieve-MEA). The approach consisted of creating micro-holes in existing flexible 
MEAs, where these micro-holes (5 µm) would allow neurites to extend across the 3D 
MEA to connect different layers of the gel. This platform was intended to allow 
neurites and electrodes to be in close proximity, increasing the chances of recording 
neuronal signals and delivering ES if required. Firstly, 2D cell cultures using cortical 
neurons and muscle cells on MEAs were optimized resulting in neuronal networks, 
as evidenced through recording activity from an array of spatially dispersed 
electrodes. In order to obtain electrophysiological recordings from the cortical 
neurons in 3D, micro-holes were fabricated on planar MEAs using a laser cutting 
machine, however, although the 5-8 µm holes were possible, further work is required 
to set up the sieve-MEAs and ensure their proper functioning as well as subsequent 
recordings of 3D neuronal activity. The MEA platform was also used to measure the 
activity of the myotubes. As the muscles were spontaneously twitching on the 
MEAs, electrodes were capable of recording the activity. These results indicated that 
muscle activity could be detected using an MEA platform.  
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Although the optimized 2D system provided reliable data that indicated the positive 
effect of ES on the AChR clusters, today it is well known that 3D in vitro models 
hold significant advantages over their 2D counterparts. It has been shown that these 
3D models not only allow cells to interact with each other but also with the 
extracellular matrix, which provides not just physical support to the cells, but plays 
an important role in many cellular functions, making 3D models a closer biological 
representation of the in vivo tissue environment.  
 
Chapter 4 provides answers to the following questions: can 3D in vitro models for 
nerve and muscle mono-cultures be developed? Can co-culture (nerve-muscle) 
models be developed in 3D? The work involved the encapsulation of cortical neurons 
using the materials collagen, GG and GG-RGD, and the encapsulation of muscle 
cells using collagen. Collagen has been widely used as a 3D in vitro model; here, it 
was demonstrated that cells (primary cortical neurons and skeletal muscle cells) 
survived, proliferated and differentiated in 3D environments. In the case of cortical 
neurons, the cells survived for 4 days after the initial cell encapsulation using 
collagen, however, they formed clusters, and a sparse neuronal network. These 
observations suggested a lack of nutrients. To address the problem extra supplement 
(B27 supplement) was added to the encapsulated cells. This resulted in an increased 
neuronal network density and less clustering.  
 
The cell encapsulation results using GG correlated with previous reports indicating 
that GG is a biocompatible material that supports cell encapsulation; however it was 
noticed that cells, especially cortical neurons, formed clusters and less dense 
neuronal networks similar to collagen without extra B27 supplement. However, GG 
supported higher astrocyte cell survival compared to that in collagen. This was 
improved substantially by the peptide modification (GG-RGD), where the neuronal 
network formed very dense networks with high cell viability and astrocytic cell 
support. 
 
In order to demonstrate the benefits of the 3D versus 2D cell cultures, a neuronal 
morphology (axonal length and number) comparison was completed. The results 
showed that culturing cells (especially cortical neurons) in a 3D environment that 
mimics tissue enables more cell to cell interactions to occur, changing the cell shape 
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(morphology), increasing the number of processes and length of neurites per cell. 
Therefore 3D cell culture more accurately mimics in vivo structure and should be 
used for future applications in tissue engineering. These tissue-like models offer the 
opportunity to provide a more accurate representation of 3D in vivo environments 
with applications ranging from cell behaviour studies, understanding diseases to drug 
testing. 
 
Lastly, the chapter included a pilot experiment on the development of co-cultures in 
3D. In the pilot experiment primary myoblasts and the motor neuron cell line (NSC-
34) were combined and then encapsulated and maintained for 7 days. Phalloidin 
staining indicated that muscle cells formed myotubes however further experiments 
with specific immunostaining such as desmin or sarcomeric myosin need to be 
performed in order to confirm muscle differentiation within the 3D gels. On the other 
hand the NSC-34 cells formed clusters with few neurites extending towards the 
muscle cells indicating two things: firstly, the matrix had an average porosity that 
allowed cells to move freely; secondly, the NSC34 cell clustering indicated that 
perhaps the cells did not have a full positive interaction with the encapsulation matrix 
(collagen). This co-culture model requires further development as well as culture for 
longer periods of time to allow formation of NMJs. 
  


































6 Future work  
 
While this thesis has demonstrated the potential of developing an innovative 
recording/stimulating platform capable of probing the effect of ES on nerve–muscle 
cells, it also describes the development of reliable 3D in vitro models. Nevertheless 
many opportunities for extending on this work still lie ahead. The following section 
presents some of these directions.  
 
Probing the effect of ES on nerve-muscle cells  
It has been shown that conductive polymers have excellent electrical properties and 
usually the electrodes coated with such polymers have much lower impedance 
compared to metal electrodes. In this section it has been shown that ES using a 
conducting polymer PPy with the appropriate parameters has the capability to 
increase the number and size of AChR clusters and therefore to enhance the 
development of NMJs. PPy opens up opportunities for the incorporation and release 
of growth factors and other bioactive agents such as agrin or laminin to the site of 
stimulation, since it has been reported previously that the combination of these two 
bioactive molecules increases the clustering and functionality of NMJ formation 
[256, 406]. The ideal scenario would be the release of these factors (laminin and 
agrin) from conducting polymers via electrical stimulation. Individual steps have 
been taken towards this aim, as it has been shown that laminin (or fragments of 
laminin) [407] can be easily attached to conductive polymers to improve cell 
attachment. This potentially opens new avenues to combine biomolecules with 
conductive polymers as cell therapies and drug delivery to further improve NMJ 
diseases.  
 
Also, longer studies to establish the long-term stability of PPy or conductive 
polymers in general are necessary, as this has not been fully determined. Although 
cytotoxicity studies (6 months in vivo) do not suggest high toxicity for such materials 
[408], the overall biocompatibility is not yet known, especially for application in 
medical devices.  
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The Sieve-MEA platform  
Today, multi-electrode array (MEA) is one of most used techniques to obtain 
electrophysiological recordings. However, this platform was developed to analyse 
cell cultures in 2D. With the recent advances in 3D cell cultures, a need to develop 
alternative tools to monitor cells in these 3D environments is needed. State of the art 
3D MEAs include the Michigan and Utah arrays [409, 410]. These arrays were 
designed for in vivo environments, however they could potentially be used for in 
vitro settings with certain modifications. For example, they have been used to record 
electrophysiological signals from brain sections, by using very thin slices where 
neurons deep in the brain can be reached [329, 411]. This method allows neuronal 
activity to be recorded from cells that otherwise would be difficult to reach [329]. 
However, this method requires a high adhesion between slices and MEAs, as the 
fidelity of the recording depends on the distance between cells and electrodes [329]. 
Also, these measurements can only be obtained from one layer of cells, the one 
closest to the electrodes. Still, these arrays do not allow recordings to be obtained 
from different layers at once. Some other prototypes have tried to develop 3D cell 
cultures using existing 2D MEAs [412], however although these models showed an 
improvement on electrical activity (functional properties of neuronal cells) when 
compared to cell culture in 2D, they did not allow the separation of cell layers [410].  
 
Here, an attempt to modify existing 2D MEAs to record/stimulate cells in 3D was 
presented. The modification consisted of making micro-holes (5-8 µm) with a laser 
system on existing flexible 2D MEAs. Despite the fact that the initial results showed 
that micro-holes on the flexible MEAs were possible, there are several areas of this 
sieve–MEA that need to be developed. For example, improvements can be made in 
the electrode design (flexibility) as well as electrode materials that could prevent 
charge leakage as well as improved cell-material interaction (biocompatibility) which 
could enhanced the long-term in vivo recording and stimulation [329, 411]. 
Additionally, MEA thickness could be decreased by fabricating the MEAs in thin 
polymers; this will avoid difficulties when making the laser micro-holes. Also, 
several structural improvements can be made to the prototype, for example, the 
development of MEA hardware that could integrate the recorder signals from more 
than one layer of the sieve MEAs as the cells would be cultured in 3D. Lastly, this 
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prototype should provide fluidic ports in each layer to provide adequate media 
(nutrient flow).  
 
3D in vitro models 
This section highlights the well-known differences between cell cultures in 2D 
versus 3D [413] and describes the importance of the biomaterials used (hydrogels). 
The chapter also described the encapsulation of cortical neurons and more 
importantly described a clear application of 3D encapsulation to create “brain on a 
bench” models using an innovative 3D printing technique. This 3D printing 
technique allowed us to create 3D models, which takes us towards creating more 
realistic tissue-like models. However, there are still challenges in terms of producing 
tissue-like structures: the scaffolds lack the structural integrity, shape and sizes of the 
native tissue [243, 414]. Moreover, one of the major stumbling blocks for creating 
successful in vitro tissue and organs is the absence of blood vessel growth within the 
scaffolds [415]. Certainly, more work towards obtaining better 3D printing resolution 
that will allow us to mimic more closely the structure, physiology and real 
dimensions of these natural tissues is needed. At the same time, this will allow the 
placement of different cell types (in this case different types of neurons) in a spatial 
arrangement that is more realistic. 
 
Furthermore, the best model for understanding neurological diseases would involve 
research using living cells from patients. Since biopsy of brains from living patients 
is not feasible, many researchers have turned to an exciting new opportunity for 
studying human diseases: stem cell technology [397]. The benefit of combining this 
3D technology with stem cells that are generated from patient cells offers the 
possibility to understand the complex genetic background of patients with 
neurological diseases such as Parkinson or Alzheimer diseases. The combination of 
these technologies will provide unique opportunities to study genotype in 
conjunction with cellular phenotype and increase the understanding of how these 
diseases develop, or to test more personalized therapies that would have clinical 
applications.  
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Lastly, the chapter included a preliminary experiment on the development of co-
cultures in 3D. This model required further testing in terms of materials as only 
collagen was tested for both muscle alone and co-cultures. Perhaps encapsulation of 
co-cultures in GG-RGD could be performed as RGD has been shown to promote 
cellular migration, proliferation, growth as well as increased binding of different cell 
types such as endothelial cells, fibroblasts, smooth muscle cells, chondrocyte and 
osteoblast [416, 417]. Also, after optimization of the NMJ using cell lines and 
materials it would be ideal to move towards using primary cells, such as primary 
motor neurons and primary muscle cells for the encapsulation, as the isolation of 
cells from actual tissue of interest has been shown to be more physiologically 
relevant than cell lines, providing a more accurate in vivo tissue-like representation 
[418, 419]. 
 
The work in this thesis explored techniques and models in 2D and 3D to show the 
positive effect of ES on NMJ formation, but more importantly to establish and 
provide optimal parameters to obtain maximal benefits for this stimulation technique 
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